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sulfuris a nes s entia一 m a c ro n utrientin the pla nt rLfe cycle･ In organic
sulfateis
integr ated in o rganic c ompou nds viathe cys
teine biosynthesis･ T his pathw ay
plays a centr al rolein s ulfur a s
imilatio n
,
a nd itin volv e ssev e ra一 e nzym atic
re a ction s. Serine a c etyltra nsfe ras e(S ATase)(E C 2･3tl･30), which catalyzesthe
f. T matio nof 0- ac etyLL-S erine(O AS)fro mL- S er a nda cetyL
-CoA･Iinksthe s erin e
m etabolis mto the cysteine biosynthe sis･ Subs equ e n
tly, cystein eisfo rm ed by
the co nden s ation ofs ulfide and O AS, catalyzed bycystei
n esyntha s e【0- a cetyト
L-S erin e(thioI)Lya se(C Sase);EC 4･2･9 9･8]･ In Arab,
'
dopsI
'
sthalian ather ea refive
genes putativety en c oding S AT
･
LSOfor ms･ Two ofthe five is ofo rm shave n ot
bee n chara cteriz ed u ntiln o w･ Serat3;1 and Serat3;2 were c
hara cte rized with
re spect to en zym aticpropenies,feedback inh
ibiton a nds ubcellula rlocalization･
serat3;2 wa sisolated by R A C E
-P C R･ r e v ealing a 329amin o a cid
polypeptide･ T he c atalyticalp
ropenie softhe pu rified rec omb
inantprotein a nd
the fe edba ckinhibitio n w ere dete r m
･
Ined･ Se rat3;1 w as notinhibited by ト
cystein e, while Se rat3;2 wa sfe ed ba ck i
nhibitio n- se n sitiveisozym e･ T he s etw o
isofo rm s show ed lo w affinty to their s ubstrate s a
nd 一o w enzym e activity
c ompared withthe othe rthre echara ct
e riz ed S ATa ses･ T he a n atysIS reve a一ed
that Se rat3;1 a nd Se rat3;2 a relo c arIZedin cyto s
oI･ In 5- w e ek- oldIe av es･
se rat3;2 wa sloc alized in chlo r opla sts･
Expre s s
･
LOn Of Se rine a cetyltra nsfe rase(S ATa se)ge ne fa m”yis oforms
fro mAr abidopsJ
･
s thaJia na wasinv e stigated under plantdeve
lopme nt a nd in
re spo nse to sulfu rdeficient cond
ition a ndto re spon se tO tr eatm ent With the
he avy m etal cadmiu m(C d)A Nonher n a n alys.is of S A T
ase s rev elaled tis s u e-
specific e xpression pa仕e rn sfor ea ch isog
en e･ By reaトtim equantitative P C
R
･
V l
e xpres sion patte m an alysis Ofthe S ATa seiso
for m sdu ring plantdevelopm e nt
w as perform ed･ Seratl;1, Serat2;1, Se rat2;2showed hig
he ra mo u nts ofmRN A
c ompared withSerat3;1and Serat3;2･ agree lng
Withthe Northe mblottingre sult･
Each isofo rm showed distinctmR N Aexpressio nthro ughoutpla nt deveLopm e
nt･
T he toLera nc e oftr an sgenic toba c co plants o verexpre s sL ng CySteine
syntha se CD N A in cyto sol(3F), chloropLasts(4F)andin both orga ne
lles(Fl)
w e r ein v estigatedtowards he avy metaLs such as C d, Se, N
i
,
P band Cut T he
tra nsgenic pla nts wereslgnifica nty mo re tole ra nt tha
n wild-type plantsin aga r
m ediu mc ontain
'
IngCd.Se and Nil
vi
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Sulfu ris an ess entiaJma cr o n utrientrequired forpla ntgrowth･Jtisprl mar‖yu s ed
to synthes J
'
ze cyste J
'
n e, m ethionin e･ vitamin sbjotin and thia mine, co en zym e s,
sto r age protein s and n um ero u sessentia一a nd s ec o ndary metaboJite sderived
fr o mthes e a mino a cids(1)･暮tals o s erv e simportantstru ctu raLregulatory, a nd
c atalyticfun ctionsinthec onte xtofprotein s, and a s am ajo r ce”ularredo xbuffer
in thefo r m oftripeptide glutathione a nd c e rtain protein s s u ch a sthio redoxin,
g山ta redo xin･ a nd protein dis uJfate is o mera s e･ Further more,it js ess ential fo r
str es smitigatiqn asglutathio ne,phyto.cheJatin s, cho=ne s ulfate, etc.(2,3).
Plants a rethe m ajo rS O u rC e Ofr edu ced s uWu rforhu ma n a nd a nim al
nutrition･ Cysteine bio synthe sis des erv e s atte ntio n, Sjnce redu c ed s ulfu r J
･
s
cha nn eJed fro mcystein einto ma ny sulfur- c o ntain(ng c o mpo u ndsjn fo od and
●
fe ed. Jn anim aJs
･ Sulfu ris a similated a s cysteJ
･
ne a nd isfo u nd jn everyliving
ce‖･Itispan ofthe m ole cule sthatfo r mthe amin oa cids(protein buildingbJo cks)
methio njn e, cystejne, and ta urine, which are e s s ential fo rhe alth. Sulfu ris a
co nstitu e nt of vita min Bl a nd bJ
'
otjn, the a ntioxidant glut畠thjo n e, the
anticoagu(a ntheparin, a nd c oe nzyme A, which drive se nergy productio nin celts.
Higherp一a nts a redepe ndentonino rganic sulfatetofulf]l= heir nutritio nafsulfu r
require ment(2, 4)(FJ
-
gore1).
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Figu re1･ Sulfu r cyclein n att[r e.
h organic sulfuris assimilatedto cystein eby plants,bacteria andFu ngl･
1･2･ Su8官u r a s simiすa 鮎 m a ndcysteim ebio syrd he sJ
r
S盲m pEa mts
Su(fu ris take n up by p)a ntsjnitsin orga nic s ulfate form (Figu re2). SuJfate
tra n spo rte r sthat a relo c alized inthe ro otp)a sm a me mbra n e mediate uptake
fr om e xternaJe nviro n me nts(s oilo r apopla sts)intothe symp[a stic syste m(5).
On c einside pla ntc eus, s ulfateistra n sportedbyorgan eHe- m e mbra n etra n spo托
Systems within the chJo ropla st env elope s and to noplast me mbra n es. Three
CDN AcJo n e se n c oding plantp一a s ma- m embran esulfatetran sporte rswe refir st
isolated by c ompZe me ntation of a yea st m utant with a CD N A =braryfr o m a
tr opIC aJ fo rage Iegu me, Stylos anthe shamata. Tw o of these cD N As en c ode
high- affin tyH
＋
/s u)fate cdtranspo rtersthatmediatethe uptake ofs ulfateby plant
ro otsfro mlow c on ce ntr ations ofsulfateinthe soils olution･ T hethirdrepre s e nts
a dJ
'
ffere nt subtype en coding a暮ow er affin ty H
＋
/s ulfate co-transporter, which
m ay be involved jn the J
'
ntem a[ tra nsport of sulfate betw e e n c eJMar or
subc eJIula rc o mpanm ents withinthe p[a nt(6)I Seve ncDNAs e n c oding putative
s ulfate transporter s proteins ha ve be en isolated a nd chara cte n
･
z ed fro m
ArabidopsI
'
s tha/I
'
a n a(7-1 2)I Like the sulfate tra n sporters is o(at6d from
Stylos anthes ha mata, transgenic expres sion of thre e of these suJfate
tran sporters (Su/trl;1, Su/tr2;1 a nd Sultr2;2)indicated that the s es u[fate
tra n sportershav ev ariable affintyfor s ulfate･ HeteroJogo u s expre s sio njnthe
ye a sts u】phate tra nsponer m utantshow sthatSuJtrl;1 e n code sa high-affinty
s ulphatetran sporter･ whe r e a sSu/tr2;1 a nd Sultr2;2 encodelow -affin tysu一fate
transporters･ T he Su/trl;1 gen e was e xpre ss ed in the epiderm a[a nd c ortic aI
ce”s ofr ootsbutn otin abo v e-gro u ndtiss ues, where a sSultr2;1w asfou ndtobe
e xpres sed inthe stefe ofroots a ndthe va s cu一a rtiss u e s ofro ots a nd le a v es(8,
1 2). Sultr2;1 mR NA expr ession level in ro ots is regu)ated du ring s u]phate
Sta r vation, sugge sting that this js ofo r m m ake s as[gnific ant c ontributio nto
e nha nce m e ntofthe s u[phate tra nspo托c apacityinthe va s c u[artissu e s ofro ots
(8).
MetaboJis m ofsulfateisinitiated byan ade nylatio n re a ctio n c atlyz ed by
AT PsuJfu ry]a s ethat activates sulfate by c on v e rting it to adeno sine 5
'
-
pho spho s u[fate(A P S)(Figu re2). Tw ocDNAs enc odingbotha chloropJastjc a nd
a cytos o‖cisoform of AT Ps uJfu ryfa s eha vebee nisolated fro mpotato(13).1nA.
tha/I
'
an a, fou r cD N Asthat en c ode s chlor opJasticis oform s of AT Psulfury]as e,
ha vebee nis olated.
T hereaction c o ntinues with the c on v ersion of APSto sulfite c ata[yzed by
a single enzym eterm ed a sA P Sreducta se(4)(Figu re 2). Sulfiteis redu c ed to
sulfide bys uJfjte redu cta s e a nd the n co upled with 0- a c etyls e rine(O A S)toyield
cys七eine(Figure 2)･ Cysteineisinco rpor atedinto gLutathione,thatsynthe sized
Phyto chelatins whe n expo sedto heavy metals,into protein s or s erv甲 a Sthe
sulfurdonorfo rthe biosynthesis ofm ethio nine a ndsu[fu r･c ontaining s e c ondary
produ ctsjn plants(1,2).
S O4
2-(Extra)
碁Sulfatetra n sporter
SO42
-
(her a)
Ac ety)･CoA
L-Serin e
s e n
'
e a c e桝ねn sfe ras e
(S A Ta s e)
0･ a c e叫S e rin e
Fe ed ba ckInhibition
(is oform spe cific)
i
APS
i
S03
2
i
S2･
q
7
A TPs ulfu ryla s e
A PSroducta se
Sulfjte redu cta s e
cystein e synthas e
(CSaLS e)
Cystein eヰ 6Jutath jo n o ヰ p cs
”.thi. ”.n .(逮.)s{ . m,. u nd.
Figu re2. As si mi latio npathw ay ofs tllfu r a nd cystein ebiosynthe sis.
T he fina. step Jn CySteine synthe sis is the reactio nin co rpo rating the
sulfide moietyinto the β-position of a]a njn e(1). T he amin o a cid m oietyis
derived fro ms erine via 0- a cetyls erine(O A S)(FJ
'
gu re 2). T heinterm ediate O A S
is not only-a domin a ntlimitingfa cto rfor cysteine bio synthe sis(14). O A S js
pres u medto be a positive regulato r(indu c er)ofs u[fu r as similatio n eitherby
dire ctge n eindu ctio r?orbyindire ctmetabolicc onsequ ence(15,1 6)･
Serine a cetyltran sfer as e(S ATa se;E C 2･3･1･3 0)and cystein esynthas e
【0- ac etyl- L- s e rin e(thioI)Jyase(C Sase);E C 4.2･9918]repre sentsthe
'
fin a]step of
the redu ctiv e s ulfate assimilation pathwayandcatalyzethe seque ntiaHe a ction s
be adingto cystein eproduction. S ATa se catalyzestheform ation of O A S fro m L-
Serine and a c etyトCoA and C Sas e catalyze sthe formatio n ofcystein efrom
O ASa ndhydroge ns u[fide(1)(Figure 2), AJtho ughthe reductio n ofs u[fateinto
s ulfidetake spla c ealmostexclusively[n chloroplasts, S ATa s e and C Sa se a re
Lo c a[iz ed in thre e m ajo r c o mpartm e nts of pla nt c e[Is, thatis the cytosol,
chlo ropJa sts a nd mito cho ndria(17121)･ln mitochondria,therejs an ad ditona)P-
cyan o ala nine syntha s ethat exhibits simila rc ata[ytic activity to C Sas占(22).
Cyan o alanine syntha se cata)ys esthefo rm ation ofcya n oalanin efrom cysteine
and cya nide with the libe ration of fr e ebisulphide. T his isofor m ha s been
lo caliz ed m ainlyto mito chondria(23).
■
1.3. S即im e a c e息y陀ra m sfe r a se ge n efa mi邑y豆m A摺bD
'
dopsts
Bythe S A Ta s e sdeduc ed a min o acids equ en c einhighe rpla nts, p[a ntS ATa s e s
were clu sted intothre egro ups(Figure 3). Untilnow, six CD N Ac[o n e s enc oding
S ATa s eha v ebee nis olated from s evera[plants, e .g. w ate rm elo n(24), spin a ch
(25), C hin e s e chive(26)and ArabidopsI
'
stha/ia n a･
T he anaLyslS Ofthe Arabidopsis Geno m ehitativ erev ealsfiv eputative
S ATgene s･ Ea ch is oform Ioc aliz es to on e ofthe fiv e chr o mo som esin the
genom e . [n ArabidopsI
'
s, CD N As of fou rS ATaseis ofo rm s, S A T
- c(27), S AT-p
(28, 2 9), S AT- m (30-32), a nd S AT-1 06(33), w er e c】o n ed･ S AT 鵜9ene
(AT4g35640)is the onLy fa mi)y me mber that ha s n ot bee n v erified by a
fu nction ala s say, e･g･ by c o mpleme ntatio nus] ng a S AT deficie ntcysE m utant
str ainfr o mE, coII
･
. Consequ ently, no CD N A hasbe en c一onedu ntilnow I T hefirst
thre elisted isofo r m s wer ealreadybeen w e]Ichara cterized a c c o rdinglyto the
m ode ofinhibitio nus lngr eC OmbinantS ATa ses･
･
and bythe analysIS Oftra n sient
expressio nin ArabI
'
dopsI S一e a v es uslngthefu sio nprotein s ofeach S A Ta s eN-
terminal region with gre en f[uor es ce nt protein (G FP)(20). T he other two
isofor ms, S AT-1 06a nd S AT-# 5, c o nsideredthe n ew m e mbe rs ofthe S ATa s e
gen efamily,ha snotyet been chara cte rized･
Untiln ow , n o officaln o m enc一atu re fo rtheisoform sin Arabidopsis ha s
be e ndetermin ed. In orde rto estab[ish an offical n om e n c[atu re for these
is ofor ms ac c ordingto the r ules of Com mis sio n of P)a nt Gene No m e nc一ature
(http://mbcls e rv e r･ utgers･ edu/C P G N/) we ha ve de signated s erine
a cetyrtran sfera se is ofo r m s a sde scribed in table 1. The gro ups were divided
a c c ordingtothe phyloge netictre e ofthe p[ants erin ea c etyltransfera se supe r-
fa mily, bas ed o n the fulトIength a min o a cids equ en c e. W ith this rule, the
isofo r m sare c a”ed A R Ath;Se rat. T hefiveis ofor ms with the n e wofficaln a me
a re:Se ratl;1(S AT- c), Se rlat2;1(SAT-p), Senat2;2(S AT- m), Se rat3;1(S AT-1 06),
a nd Serat3;2(SAT-# 5)(Figure3).
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Figur e3･ P byldgeJlictr e e ofplants e rine a c etyltr a n sfe r a s es･
増.乱 ReguBa朗o m ⑳官S e r岳m e a e e亀y邑色町a m s甘e ra se
Two major m olecula r m e cha nis m s are propo sed forregu一atio n o n S ATa se
a ctivity on proteinle vel:(1)Feedbackregulation o nS ATa s e enzym atic a ctivity
by cySteine (5, 3 4);(2)Modulatio n of SATase a ctivitythro ugh form ation oi
protein co mplex with C Sa s e(35,3 6)･
For fe edback inhibition by cysteine, it has be en show nthat s o m e
s ATase ss uch a sw ater melon S ATa s e(24), Seratl;1(27), Chin es e chive(26)
and spin ach S ATase (25) we re feedback inhibited by L- CyStein e at a
physiologic alco nc entr ation(20)I Ho w ev er,the plastidic Ser at2;1(28, 2 9)a nd
mjtocho ndriaI Se摺t2;2(30-3 2)en zym esfro mArabidopsis w ere n ot subje ctto
thisfe edba ckregu一atio n(20). T he al)osteric do m ain re sponsib一e forL-CySteine
inhibitio nha sbeen chara cteriz ed, usJngS everalm utants ofw ater m elo nSATas e
(37). T he se findings ･ s ug ge st that the fe edba ck inhibition by cystein eto the
a ctivity of S ATa s eis animporta ntregulatory m echa nis mto
keepthe cysteine
a nd O A S Iev els at ste ady statein plantc e”s･ ln additio n･ S ATa s e
a ctivityis
m odu一ated through protein c omplex with CSa s e(35, 3 6)･ O AS dis s o ciate sthe
bien zym e c o mplex of S ATa s e and C Sa s e･ re s ulting lnde cre a s
e of S ATas e
●
a ctivity･ T his m echanis m aga(n e mpha sizedtheintrigu
l ngr ole of O A Sfo r m ed
byS ATa se andregulato rycircuitcon c ernlngS ATas eactivity
.
1 鳳 A豆m s⑳曹s亀udy
sATa se a nd C Sa s ehav ea nimpo rtantrolein thefin alstep ofthe redu ctive
sulfate a ssimilation pathway, c atalyzlng the sequential r ea ctions Ie ading to
cysteine produ ction･ S ATaseis ofo
rms have differe ntfe edba ckinhibitio nbyL-
cysteine a ndtheyareIo c ated in d 粁erentc o mpartm e n
ts･ lt ha sbe en sugge sted
that the regulation ofcysteine biosynthesis thro ugh fe edback inhibitio n m ay
differdepending onthe s ubceI[ularc ompartm ent･ Untiln ow･ n otallthe S ATa s e
isofo r mshav ebee nchar acte rized.
c sa s eis oform shav e a ro一e in in cre a s]ng cystein eproductio n under
c ondito n sof he avy m etalstres swhenincre ased bio synthe sis of GS Ha nd P Cs
is required(38)I
To bette rcla rifythe sLgn
･
Lf
･
LCan C e Of S ATa se andregulation of CSa s ein
■
the s ulfur m etaborIS m
.
in higherpLants, the obje ctiv e s of my study are:
chara cte riz ethetwo n ew Arabidopsisthal]
'
a n aS ATa s e si ofor m s･ Se rat3,
･1 a nd
se rat3;2(Chapter 2); c o mprehe n siv e u nderstand a nd clarify in detail the
e xpres sio npatte rn ofaILthefiv eis ofor m sin ArabI
'
dops J
'
sthat/
'
ana(C hapter3),
andin vestigatethe relatio nshipbetw e e ncysteine bio sy
nthe sis a ndheavym etal
tolera nc e(C hapter4)･
10
暖M 鹿野苛監配意
e MA P 甘藍陀耳W O
醐OL監e u虹A 陀eLON且NG OFSe rat3,
･1 A N DeMAR AGT E RIZ A T邑ON
OFS¢帽t3,
.1 A N D Se 柑t3,
'2
A bs色ra ct
serin e a cety托ra nsferase (E C213･1･30), which is in volved in the cysteine
biosyntheticpathway[ npLa nts･ catalyze stheform atio n of 0
-a cetyls erin efrom L-
ser a nd acetyトCoA･ Ln ArabI
'
dopsis thaII
'
a n athere are five ge n e sputativ ely
encoding SAT is ofor ms･ Two ofthefiv eis oform sha ve not bee n cha ra
cte
-
rized
u ntiln ow . Serat3;1 a nd Serat3;2we re char acteriz ed withr espect to enzym atic
prope rties, fe ed ba ck inhibition and s ubc e”ular lo c aliz ation･ Se
rat3;2 wa s
is olated by R A C E
-P C R, reve aling a 329amin o a cidpoLypeptide･ T hededuced
a min o a cidofArabidopsI
･
s Ser at3;2 ha sbe e n aLign ed withother A摺bI
'
dopsIS
s ATas e s. T he co mpared hom ology [s high thro ugho ut the c e ntral reg
IO n･
●
serat3;2 CD N Aexpress ed in bacteria was able
'
to fu n ctionally c omple m e nt a
s ATase m utant strain of Esche n
･
chia coli. T he c ataLytical prope rtie s ofthe
pu rified re c o mbin a nt protein a nd the fe edback inhibition w ere
determined暮
serat3;1wa sn otinhibited byL- CyStein e, while Serat3;2wa sfeedba ck
inhibitio n-
s e nsitiveis o zym e･ T he s etw oisofor ms sho w ed lo w
a付initytotheir s ubstrate s
I
a nd Iow e n zym ea ctivityc o mpa red withthe otherthree ch
a ra cte riz ed S ATas es･
T he subcellularlo c aliz ation ofthe s etw ois ofor m s wa sdete r mined bytra n
sie nt
expre s sio n of fusio nproteins
'
ofea ch S ATa se N-ter mina一region withjellyfish
gree n仙 o re s centprotein(G F P)in4- w e ek- oldArabidops,
'
sre a ve s･ The an alysis
l l
revealed that Serat3;1 and Serat3;2 are lo c aJiz ed in cyto s ol･ ln 5
- we ek-o)d
leave s, Serat3;2 wa sLo c alized in chloropla sts･
12
2.1, 且m亀rodu G朋o m
sulfuris an e s s e ntial mac ron utrie nt in the plant life cycle. Inorga nic s ulfateis
integrated in organic c o mpounds via
the cysteine biosynthe sis･ T his pathw ay
plays a c e ntralrole in s u
lfu r a s similatio n
,
and it involve s s ev ral e n zymatic
rea ctio n s(1). Se rin e a cetyltra n sfera s e(S ATase)(E C 2･3･1･3 0), whichc atalyze s
theform atio nof 0- a c etyトL-S erine(OAS)fro m I:S er a nd acetyトCoA,linksthe
serine m etabolism to the cystein ebio synthesis(20)･ Subsequ e ntly, cysteineis
formed bythe conden s atio nofs uLfide a nd O A S, c atalyzed bycys
tein e syntha s e
【o-acetyトトSerine(thioI)]yas e(C Sa se);E C 4･2･9 918]･ T hisfin alstep ofcysteine
biosynthe sis e xists in thr ee m ajo r co mpa rtm ents of plant c ells･ cyto s o[･
chloropla sts, a nd mito cho ndria. S ATa se(29,39-41)and C Sa s e(17･ 41
-4 5)has
be e ndem onstratedinthe s ethr ee c o mpa托m e ntsfro m s ev ralplants1
1t has bee n sho w nthat cytos olic S ATas e sfrom plants, s u ch a s
w aterm e[o ns ATa?e(24), ArabI
'
dopsis Se r atl;1(27)a nd AS A T5 fr o mAIIium
tube ro sum (Chin e s e chiv e) (26) w e r efe edba ck
-inhibited by L- CySteine at a
physiologica[ conce ntration (20)I How eve r･ the pLa stidic
､
(28, 2 9) a nd
mitochondria=31, 32)S A Tases from Arab,
'
dops/
'
s were n ot s ubje cted to this
fe edback r egulation (20)I T he regu一ation on mR NA a c c u m ulation wa s not
notablein w aterm elon a nd ArabI
･
dopsisth
l
aII
'
ana(8,4 7)I T he s efindings sugge st
that the feedback inhibitio n s a nimpo rta nt r egulato ry mechanism for O
A S
lev elsin the cyto s ol･ Ho w e ve r, o n)yfe w cD N As of S
ATa s e
,
which hav ebe e n
inve stigated for their s ubceIIula rlo calization a
nd feedback inhibitio n by L-
cysteine, have s ofa rbeenis olated from p
lantspe cies, A･ thaII
'
an a
,
W ate r m elo n,
spina ch(25)andC hinese chive･
13
UntiJnow , outof five S ATa s eisofor msfro m A thalI
'
an a, O n[ythre ehave
be en Chara cte rized (20). Thu s, in o rder to elu cidate the m ole c ular
cha racterization ofa一l S A Ta seis ofo r m sfro mA. tha/I
'
a na, m OJe c ular cbnlng Of
serat3;2 and bio chemical cha ra cterization and s ubc eL[ula rlo c alization of
serat3;1and Se rat3;2, are repo rted.
14
2息 陀e s u旦亀s
2 息1. e亀o m mg o官 Se8Tat3,
･1 a nd am a盲ysBS Of the ArabB
'
dopsgs
b -
J
納agd
'
a n agem eずa miBy
The 冊h CD N Aclo ne en coding Serat3;2 isoform wasiso一ated fro m ade
duc ed
ArabI
･
dopsIS gen Om eSequ e nc e uS Ing
-3
'
･
-5
'
R A C E P C R. ” the databas e･ tw o■
distin ct deduc ed sequ ence sfor Ser at3;2 w as fo und, C A B80280(33) a nd
A F331847. T he fir st 203a mino a cidsin the sequenc e were simila rbetwe e n
them , onlybeingdistin ctinthe C
-ter minaけegIOn･ Forthededuc eds equence of
c A B80280thefourIa staminoa cids we r e(HG ES)･ T he s equenc eofAF331847
theIa st a min o acids we re(E R R H). Tois olate the c orrect CD N Asequ e n c e･
gen e- specificpn mersw e re de sLgn ed unti一the
sequ e n c ebe cam edistin ctinthe
two deduc ed s eque n c e s･ Py R A C E PC R,the CD N Aends w ere obtained･ For
the RT-P CR,the template w a sRN A is olatedfro m4
- w e ek- old-r os etteIeaf･ T he
co rectc-te r min alagre ed with the deduced sequ e n c
e of A F331847･ Sequenc e
analysis (Figu re4)re vealed a n ope n re ading fra m e of 1068nu c
leotide s･
e ncoding fo r335a min o a cidre sidu e s
･ T he first AT G triplet, which is 54
n u cle otide s aw ayfro mthe 5
･
- e nd of Se rat3;2･isdeslgn ateda sthetra n slational
stan pointbe cau se the sequ ence aro u nd
the Metc odo n(TT G G T C出塁G C)
m atche speげectlywiththe c on s e n su sSequ e n c e
Of AF331847･ A 3
'
-untranslated
region of 1 92nu cleotide sdow nstre a mO
fthetran slatio nstop codon(CAT)is
pre s e ntinthe CD N As equence･
co mparis o n with the obtained C
D N As eque n c e Of Se rat3;2･ and the
s equ e n c eof A F331847, showedtw om utation s
inthe C-te rminalregIO n･ ln both
mutat
･
LO n S, the nu cle otide changedthe a mino a cid; F
irstmutation w as obs erv ed
inthe po sition 957･ T hre o ni e w a s
rep一aced by Serin e･ T he se
c o nd m utatio n
15
happen ed in the position
lO23･ 1tm ade repla cem e nt of Prolin eby AIa nin e
(Figure4)～ T his patte m was observed indiffere ntclo nes obtain ed fro md 粁ere nt
●
PC Ra n alysIS･
T hededuced amino a cidof Serat3;2is ofor mhasbe en a一ign ed withother
s ATa s e sfro mArabidopsI
'
s･ T hehom ologyco mpa red withthe otherS ATa s e si
highthrougho utthe centralregio n(Figu r e5)I A phyloge netictre e(Figu re3)
indicate sthat Serat3;2is closelyrelatedtotheisoform Serat3;1s eparated fro m
the otherS ATase sin a differentgroup･ T hesetwoisofor ms are c o n sidered t
he
n ew m e mbe rs oftheS ATa s egenefa milyfrom Arabidops]
-
sthalI
'
an a･
1 6
a tg gc t tgta taaa c9 gC gaga atCgtga t t t i tC tC CtCgtC atC t t tgtC t t C tCt t
M A C I N G E N R D F SS S S B L S E; L
c c a atgat tgtctc c cg 9a a Ct t t tCtgC C agaga Cga tg gaga9a C Cggtga Cgagt t t
P M 工 V S A N F a AR D D G 苫 T G 工) E F
c ct t tcgagag gat t t tc c cg gt t ta cgctagag ga a c c ct ta atc c cgtg gc c9a C CC9
P F E A 1 F P V Y 且 R aT i H P V 且 D P
gt t t tgc tgga t t t ta c c a at t C tagt ta tga C C C a at t tg g gat tCta ta agaga aga a
V i IJ D F T ErS S Y D P = W Da I A E E
gcta agc t tgag gc aga agag gagccg gt･t･t tgagt agc t t c t tg atgcヒagt atc 亡t=g
A K i E A E E 冒 P V L a S F IJ Y A S I i
t CgC atgaCtgt t tagagC a a9C at tgagt t t tgt tC tagC ta a C CgtCt CC a a aC C C t
S E D e L EQ A L a F V L A N R IJ Q N P
a c ct tgt tg gc a a ctc agc t ta tg gatatatt t tgc a a cgヒt: atg gta c at9a C a9ag gヒ
T L L 且 T Q i ” D i F C 血 v ” V E D R G
a t tc a a agctcga t t cgtc ttga tgttc ag gc at t c aa agac agagat c ctgc ttgt c t a
= Q S S 工 R IJ D V Q 且 F 氏 D R D P 且 C L
tcgta ta9t tCg gC tatt t ta Ca tCtgaag g gCt a t Ct tgCa CtgCag gCgta t agagt a
S Y a S 且 I Ij E _IJ a G Y L 且 L Q 且 Y a V
gC a C ata agt tgtg gaagC aag ga aga a a aC ta ヒt agc at tg gca c tgca aagc cgag亡a
且 E K L ” K Q G 氏 K i L A i A i Q S R V
agcgag gt t t t tg ga a tcga t a t tca tcc cgc tgc a aga a t tg g aa ag ga at a t tgt tg
S 玉: V F G I D エ E P 且 A a I G I(G = L L
gatc atg ga a ctg gtgtg gtc atag gtgaga ctgctgtgatag gc9a C CgtgtC tC a at t
D H 0 T G V V I G ≡ T 且 V I G D R Va I
t tgc atg gtgtgac at t:ag gag ga aC t9 g gaa agaa aCCg gtga C CgC C a tC (コa a a t:at a
L H a V T i G a T G K E T a D R H PN I
g gcga cg gtgc tc t tct tg gagc atgtgtga cta ta ct tg gta a c at ta a9atag 9CgC t
G D G 且 L IJ G A C V T = L G S = R I G A
g gagc aatg gtagc tgcEg gticgc t tgtgtta aag ga tgt tc cttcgca tagc atg gtg
G 且 M V A A G S i V i K D V P B F S Zq V
t
gctgga a atc c a9C a a a a C亡c atcg g gt t ヒgt tga t9agC a a9a tC C atC ta ヒg皇聖Ptg
A G ” P 且 K L = G F V D EQ D P S ” T P[
ga9C atga tgCta C C agagagt tCt t tC a a a atgtagCtgt tgC t ta tagagagaC a at a
E H D 且 T R E F FQ N V 且 V A Y 良 E T I
g
皇≡皇a atg gat: CttC ast t tC ag g gagt tgC ag g ga aag gaga C atta a
P N G S a V S G S C A E R R Ⅱ★
Figure4. NtL Cletide a nd dedtI C ed amin o a cids eqtl etLC e OfCD N Aclo n e,Sey aL3,
.2 fr o m
A. LhaLia na.
First m utation w as obs er vedinthepo sition 95 7. T be onine(T)w as r epla c ed bySerin e
(S). The sec o nd m tLa[tio nhappe n edin dlepo sitio n1023. Itm ade r epla c e m e ntof Pr oline
O))byA lanine(A).
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Figu r e5･ Al ig皿Jn eJlt OfthededtlC ed amin o a cids eqtl e n C e S OfSA Ta s eis ofo rJm fr o m
A 和b MopsL
'
sLhah
'
an a.
The amin o a cids equ en ce of the e n zyme 丘o m S A Tas cis ofor m sin Arabz
'
dopsis lhalia n a･ Co mplete
protein sequ en c es ofplantSA Tas es w 打 e align edusingChstal X･ Blackshadingindic atesidentical
amin o a cids;andred lettersh dicatessimilar amin o a cids. Dotsindic ate gaps 孤 seqt m cefw thebest
align m e nt. S A TaES e S equ e n c es C O mP訂 ed a m :Serat2;2(3 0-32);Se rat2J1(2 8, 29);Sw atl/)(2 7);
Serat3;1(33);Serat3;2(dlis study).
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2.2.2. Bio che mic alcha ra cte riz atio n ofSerat3.
'1a nd Serat3,
'2
The fu n ctjo n aJ jde ntjty of the isoJated CD N A, Se rat3;2 w as c o nfir med by
s u c c e s sfuJ c ompJe m e ntatio n of E. c oljcystein e- aux otroph mutant Jacking
e ndogen ou sS A Ta s elo c us, cysE. A ba cte riaL expr essio n v ecto r, pSe tat3,
12,
c arrylng COding regLOn Of Serat3;2 under the trans c ription aJ co ntrol of /a cZ
pro m ote r of pI V l18 Nw a sco nstr ucted. E. c oli J M 39/5 transform ed with
pSelat3;2 w as ableto grow o n M 9minimal mediu m withoutcystein e, similarly
a spS A T2expre s sing waterm elon S ATase(24), wherea s, E. coII
'
transfor med
with an empty v ector, pTVl18N co uldnotgrow witho ut s upp[em e ntation of
cystein e(Figu r e6). T his indic岳IteS the a uthe n city of Se 招t3;2 en codingthe
fun ction al S ATa se.
pTVl1 8N pSAT 2
Se r 3t3;2
M 9 I Cysteirl e(＋) M 9 I Cystein e”
Figu r e6. h tLCtio n alc o mple m eTLtatio n ofE. c oltcysteiAe- a tI XOtr Opb･
GeJletic c o Ⅱ申1e m enta[tio n ofqysJE. c olz
'
JM39/5byt u for nd o zlwi tha n expressio npl 血 d,
pSetlaL3;2, c ar rym gS A Tas e cD N A丘o m A. 1haZia n a. TraJ旭for m edbacteria w er e spre ad o n M9
minim alagarphtcswi也0.5 rnM L- cystcin e(leftplate)o rwithollt LICyStein e(rightplate). pS AT2
c arrying S A Tasegen e ofC. vu1garis was u s ed a s apo sitiv e co ntrol. pT Vl18Nis 血e v ecto r
ba ckgr o unda s a n egativ e c o ntrol.
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Fu代he r chara cte riz ation was perfo r m ed on Se rat3;1 a nd Se rat3;2
is ofor ms. Using pu r
'
Lfied re c o mbin ant S ATase protein s･ the c atlytic and
regulatory propertie s ofthese isofor m s wereinv estigated
･ T hefu sio nprotein
e xpre sed from pM A Lc2 vector with a s
tronger promote r･ wa s c o n stru cted･
S AT ge n ewa sin s e rtedin fra m edown stre a mfrom the maIEge n e of E･ c oII
'
,
which enc odes m altos e-binding protein(M B P). W ith this syste m, the pu rified
protein of Serat3;1and Se rat3･
･2 w a s obtain ed bythe cle avage ofthe m alto s e
-
binding protein with fa ctor Xa･ T he rec ombin antprotein s were
vis ualized o n
SD S-P A G Egd a sthe expe cted 35kDa (Serat3;1)and 38 kDa(Serat3;2)
rec o mbin a ntprotein sinthe s oluble
-formfraction･
T he Km Nm ax v alues w er edetermin ed by O ASfo r m atio ndete cted by
H PLC. T he Kmfo rSerat3;1w a s:121･4 mMfor L
IS erine and 24･5 mM fo r a c etyl-
coA. T he Kmfo rSerat3;2w a s39･5 m M forL
-S e rin e and 45･1 m M fo r a cetyトCoA
(table2)I
Is ofo r m s Km Vm q
Em M】 EpM O ASx min
･1
汰 mg
･1】
L-Se rim e Ac etyI･CoA レSe rin e Ac etyl
･CoA
se Fat3,
･1 121･4 2 4-5 0･7 2･98
se r ai3,
･2 39･5 45･1 0･0巧7 0･14
Table2. KJV m & xc o nte nts ofSe r at3,
･1 and Se r at3,.2･
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2.2.3. Fe ed ba ck inhibitio n by L-CyStein e of Ser at3,
'1 a nd
Serlat3.
.2
The fe ed ba ck inhibjtjo n a n aJysis sho w ed that Se rat3;2 was inhibited by L-
cystejne. T he co n c e ntrationfo r50 %inhibition(lC50)was O･8 pM, being simjJa r
to S AT- c(1.8 pM)(20)a nd w aterm eLon S ATa s e(2.9 pM)(24)A Jn co ntra st to
Se rat3;2, Se 伺t3,
･1 isofo r nsho wedto beins en sitiv etofeed ba ck inhibition upto
100pM L- CySteine(Figure7).
亘
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I
-
B
O
何
○
∽
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ト･
<
∽
1 3
1 0
ZX)
印
4)
3
0
C50
.8
0 10 劫 1 00
L･ cystejn e(pM)
Se rlat3;1
Se rat3;2
Figure 7. Fe ed ba ckibbibitio A Of r e c o mbha nt ArabJ
'
ddps血 S A Ta s eis oEorm sby L-
cystein e e xpr e ss ed in E. c oll
'
B L21(D E 3)pLsyE c ells･
Key: I, Sera13;);▲,Sera13I2. Data arethe m eaLn S Oftdplic ate a n alyse s土S･D .
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2.2.乱 Sube e邑5u盲a r日⑳c a旦高富ai亀豆o m o甘 A柑bq
'
dopsd
'
s SeBlat3,'1 a nd
Seダ顎t3,
q2
To clarifythe s ubc e”uLa rlo c alizatio n of Senat3;1 a nd Se rat3･
･
2in ArabidopsIS
cells,itwa s c o nstru cted S ATas e
- G F P fusio nge n e sbyP C Renglne e n ng･lnthe
■
fusio n protein s, Se rat3;1
- GFP and Serat3;2-G FP･ N-te r min aL regio n s of
serat3;1(amino a cidpo sitio ns 1-42) (Figure 8) a nd Serat3;2(amin o a cid
po sitions1
-79)(Figure s9, 1 0)wer efusedto Nter minu s of GFP･ re sbe ctively.
●
sA Tas e- G F P fusio ngen es wer eintrodu ced into4
- week-old ArabI
'
dopsIS暮e ave s･
T heIo c alization of Se rat3;1(Figur e8)a nd Se rat3;2(Figur e9)wa s visu a[ized in
cytosoI･ G FP witho ut a ny targeting s equ en ce
a c c u m ulated ihcPos ol and
paniallyIn n u Cle u s･
But, inte re stingly, the subc eIIularIo caliz ation of Se rat3;2
-G FP fu sio n
protein w a sals o vis ualized in chloropla sts･ T hetra n sitpep
tide of Rubis c o sm au
s ubu nit co uld dire ctthe tra n sponation of G F P into chlo ropla sts･ T his spe cific
Ioc alizatio n of Serat3;2 was se e lng Jn 5- w e ek
- oldAnab]
'
dopsIS Pla nts･ a触r
●
nowering. T his lo c aliz atio n agre e swith the
PS O RTsystem (Ge n o m eN t
se Ⅳic e
,
Os aka University)forthe predictio n ofprotein s ubc ellularlo c a一izatio n
bys eque nce a n alyslSWiththetra n sitpeptided
ata ba s e of defined s ubc eI[ular
tran$1o catio n.
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Ser7at3,
.1
p35 Sf2-SG F P(S 65 T)
35SE2pro SG F P M O S ter
p35 S`】･Serlat3,
･1(42a a)-SG F P(S 65T)
35SE2pr o se 招t3,･1 sG F P N O S te r
■35 Sf2.SG F P 35 SE21Se r at3,
.1-SF P
Figt m 8. Stlbe entlbr lo c auz;ation orgr e e nfltL O r e S C e ntPrOteh (G F P S 65 T) with
fusio ntotheN･term hd peptide s eqtL eJI C e S OfAr abidopsl
'
s S ATa ses.
Particlegunbo mba rdm e nt withchim eric GFPfusio nge n e sw a s c a rriedo tltOtra n sfo rm
41 W e ek1 01d Ar abidops由･ A氏c r18ho w sinc ubatio n, flu o r e s c e n c e w a s obs 訂 ∇ed a s
de s cribedin Materials and Methods,
(a)35Sf2-SGFP(S65 T)(49), u s eda s apositiv e c o ntrol forlo c aliz atio nin cytos ol 皿 d
n u cletIS,
O) Se r at3;1- GFP. A 1 27-bp PCR- a 皿Pli丘ed fragm ente n codingN -te rm in al42r e si 血e s
ofSera13;1 丘o m Ar abidopsis w a s s ubcloned into pla smi d CaM V 3 5S-SGF P(S65 T)-
NOS3' to affo rd Se 和t3;1-GF P. T he fluor e s c e n c epatt印 1 0f Se r at3Il w a sdie S a n e a S
the c o血tr olof35SE2-SGFP(S65T),indicatingthisis ofor mtobelo calizedincyto s ol･
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Ser;at3;2
p35 S£l -SG F P(S 65 T)
3 5 Sn pro SG F P N O Ster
p35 Sf2･Serlat3,
･2(79a a)-SGF P(S 65T)
3 5SE2pro se 招t3.･2 sGF P NOSte r
3 5S n.SG F P 3 5 S nJe rlat3;2 -SGF P
Figur e9. Stlbc enula rlo c ahz:atio n ofgr e e nh o r es c cnt protein (GF P S 65 T) with
fusio ntotheN-te rmin alpeptide s equ e n c es of Ar abE
'
dopsEsS A Ta s e s･
Particlegunbo mbardm e nt withchim eric GF Pfusio nge n e s w as c arriedotlt tOtra n sfo rm
4- w e ek-old Ar abidopsis. A fter18ho u r sincubatio n, flu ore s c e n c e w a sobserv ed a s
de s cribcd inM ateri als andMethods.
(a)35SE2-SGF P(S65 T)(49), tLS eda s apo sitiv e c o ntr ol forlo caliz ation in cyto s oland
rLu Cle u s.
O) Se rat3;2-GF P. A 23 8-bpPCR-a mpli丘ed 丘agm e nte n c odingN-te rminal79r esidue s
ofSe r at3;2 丘o m Arabidopsis wa s s ubclo n edinto pla smid CaMV35S
ISG FP(S65 T)-
N O S3
'
to afford Sera13;21GFP. The flu o r e s cen c epatte m ofSe71aL3;2 w a sthe s am e a s
the c ontrolof35 SE2-SGFP(S65 T),indic atingthisis ofo r mtobelo caliz edincyto s ol･
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Serat3,
.2
p35 S【】 ･Rubis c oSign alpeptide(37a a)埼 G F P(S 65T)
35SE2pro T P SG FP N O Ste r
p35 SE2-Ser3t3;2(79a a)-SG FP(S 65T)
35 SE2pro ser at3,12 sG F P NO B te r
3 5Sf) ･Rubis c oSP･sGFP 3 5 Sf2･Se 柑t3;2 ･SG F P
Figt m lO･ StLbc elbLlar 1o c ali2:atio n ofgr e e nfltI O r e S C e ntpJ
･
Otein(GF PS65 T) wi th
ftlSio ntothe N-te rmiJI alpeptide s equ e n c es ofAy abidopsL
'
sSA Ta s e s.
Particleg血 bo mba rdm e ntwithchin cric GFP fusio nge n e s w a s c arried otlttOtra n sfo rm
5- w e ek- old Arabidopsis. A 丘e r1 8ho u rsinc tlbation , flu ores c e n c ew a s obs e rv ed as
de s cribed in Materi ds 皿dM¢thods.
(a)35SE2- TP-SGFP(S65 T)(4 9), c arrカngtra n sitp q)tide s eqtLe nC e Obtaincd 丘o m the
ribulo s e-1,5-bisphophate c ad)o Xyla s e s m allstlbmitpolypeptide ofAr abidopsis(50),
w a s u s eda sapo sitive c o ntrol for chlo r oplasttr anslo c atio n.
O) Serat3;2-GF P. A 238-bpPCR -aJ npli丘ed hgm e nt e n c odingN -terminal79r e sidtLe S
ofSq at3;2 丘o m Ar abidopsis w a s subclo n ed into plasmid CaM V35S-SGF P(S65 T)-
N O S3
'
to affo rdSerai3J2-GFP. The flu or e s c e nc patte m of Se raE3;2 w a sthe s ame as
the chlo r opla stc o ntr ol of35S£ユー TPISG F P(S65 T), in dic atingthe abilty of N-te r nh al
regl On Of Ser at3;2fortr a n slo c atio nhto chlor oplasts2.3.
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2.乱 扮豆S c u S S豆o m
Thisisthefirstin v estigation o nthe m oLe c ular clo nlngOf Set;at3;2a nd m ole c ular
chara cterizatio n of Se rlat3;1 a nd Se rat3;2 is oform s, the n e w m ebers of the
s ATas egenefami[yfrom A･ tha]I
'
ana･
cD N Ae n c oding Se rat3;1 wa sis olated byP C R. T hededu c ed a mino a cid
sequ enc e ofthis s oge n eexhibitedhomologytotho s e ofotherplant S ATa s e s･
ln thefamily ofp一antS A Ta s es,the re a retwo distin cts ubfa m
l
Ltiesin
-the
s equ e n ces of the C-ter min a一 reglO n, Which is pn m arily respo n sible forthe
l
sen sitivityof S ATas eto トCySteine(37)･ Twotypes of S ATas ethat differintheir
se n sitivityto the feedba ck inhibition by L
-CyStein e were fo u nd in b[a nts The
●
a=osteric do m ain re spo n siblefo r L-CyStein einhibitio n w a s chara cteriz ed･ u stng
s everal S ATa s e m utants. T he s] ngle change ofa min o a cidresidu e･ glycln e
-2 77
to cystein e,inthe C-te rmin a一reglOn Ofwater m e一o nSATa s e c a u s ed a slgnific a
nt
decre a se of the fe ed ba ck inhibitio n s ensitivty of water meLo nS A Ta s egen e
who s eproductw a s n otinhibitedbyL
-CySteine(37)I The a ctivityof Serat3;1w a s
inhibited by L- CyStein e ofalo w c o n c e ntration(lC50
= 0･8 pM)I T he lC50W a s
similarto Se ratl;1(20), w ater m e一on S AT(24)a nd spin a ch SA Ta s e(25)･ On
c ontra ry, serat3;2 w a sfe edba ck
-ins en sitiv e up to 100LIM L
-CyStein e･ A
cyto solic]oc aLizat
･
LO n Of Se rat3;1a nd Serat3;2w a s re ve a[ed bythe a n alysesof
transgenic pla nts expres slngtr a n sitpeptide ofthe
S ATa se -G FPfu siわn protein･
Interestingly, in 51 W e ek
- oldIe av es･ Serat3;2 wa slo calized in chloroplasts･
T he s e results ugge stthat theinfluen ce ofthetra n sponat
ion of Serat3;2-G F P
into chlo ropla sts ca nbe r elatedto change ofpla ntgr
owth c onditon or, o n c e
enteredthe dev elopm entalstage, physiologJC aLconditons o
f ArabidopsIS C ells
m ayhav ethe abi)tyoftransportm achineryinto cMo
ropla sts.
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JnA. thalia n a,theS ATgen efa milylS c ompo s ed offivediue re ntjs ogene s,
e a ch lo c ated o n ad 粁ere ntchro m o s o m e･ T hre e ofthe s ehav ebe e npre vio u sly
characteriz ed(20).ln Arabidopsis, cytosolicSATas e(Se ratl;1)w a sinhibited by
レCySteine at a physiologlC a[ c o n centration in an a”o steric m a n
ner･ butthe
plastidic(Se rat2;1)and mito chondria=Se rat2;2)form s w e re n ots ubje cted to
this fe edba ck r egulatio n(20). Untilnow , the s eres ults s ugge st that the
regulation of cystein e bio synthe sis through
fe edback inhibitio n m ay differ
depending on the s ubceLIuta rc ompartm ent･ T he re s u)I o
f Se rat3;2 is ofor m
stro ngly agre e s with this m e cha nis m･ On the contra ry, altho ugh Se r
at3;2 is
cpos olic is ofor m, it is n ot inhibited by トCyStein e･ T his is the first S ATa s e
is ofor m which inhibition pater ndo e s n ota ccording一yrelated tothe s ubc eILula r
co mpa什m ent Bocaliz ation･ It has be e npropo s ed that
the cyto s olic S ATase
regulate sthe O ASc o n c entratio nin cyto soJstrictly
bythefe edba ck inhibitio nby
cystein e･ Butin chloropla sts･ sin cethehigha m ountofcys
tein eis ne ededforfull
bio synthe sis of m ethionin e a nd glutathione,
O ASw o uld be n e eded to be
produ c ed inla rge am ount, ev e n u nde rhigh c o n c ent
ratio n ofcysteine witho ut
the fe ed ba ck inhibition by cysteineinthis c o mpa rtm e nt(5, 20)I Se rat3;2 a nd
se rat3;1 show ed low affin tytotheirsubstrate s andto w e n zym
e a Ctivity･ T he
re sults s ugge stthat Se rat3;1, cystein e
-in s eゎsitiveis ofo rm in cyto s ol, brobably
do e s n otsignific a ntly regulate O ASav ailability･ S
inc eitis n ota#e cted bythe
feedba ck inhibitio n r egulatio n, it may have a nother
fu n ctional ro一e in the
cysteinebio synthesis･
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監M 鹿野苛匡隠3
CH A P T E RT H R E E
e O醐P 陀監M 監NSW 巨匠X P R ES S邑ON A N A L YSヨ$ OFSA 甘a s e
且S O『OR MS旦N A 朋 BIDOPSISTH A LbA N A
A bs色ra ct
Expr essio n of serin e a c etyltran sfera se (S ATas e)ge n efa milyis ofor m sfro m
ArabI
'
dopsI
'
sthaII
'
a n aw a sin v estigatedunderp一a ntdevelopme nta nd in re spo n s e
to s ulfurdeficie ntc o nditio n andto re spo n se totr eatm entwith thehe avy m eta一
cadmium (Cd). No rthern a n alysis of S A Ta ses rev elaled tiss u e- spe cific
expressio n patte rn sfo r e a ch isoge n e･ Itwa s obs er ved stro ng s)gnats o n
se ratl;1, Serat2;1, Se rat2;2, and n odete ctable expre ssion on Serat3;1 and
se rat3;2･ By real-tim e qua ntita ive P C R, e xpre s sion pate rn an alysIS Ofthe
s ATa s eis ofor ms during pla ntde velopm e ntw a sperfo r m ed･ Seratl;1, Se rat2;1,
serat2;2 showed highe r amo unts of mR N Ac o mpa red with Serat3;1 a nd
serat3;2, agre elng With the Nonhern blotting re suJt･ Ea ch is oform s
how edt
distin ct mR N Ae xpres sion thr o ugho ut pla nt dev eJopm e nt･ The c eIL type
-
spe cific ty of e a ch S ATas e w asinve stigated in tran sge nic Arabidops IS P
la nts
expre s sing the fusion ge n e c o nstru ct Of the S ATpro m oter and gre en
fluore s c e ntprotein(G F P). ” all SATas eisofor m sthe G FPe xpre ssio n w as
loca]ized inthe v as c ular syste m(phloe m). Spe cific G FPJo caliz ationsdepe nding
on e ach is oform , w a s obs e rved. Expressionpatte r n ofe a ch S ATse wa sfurthe r
inv e stigated du ring stress co nditions･ T he total R N A
w a s a n alyz ed u srngthe
re aトtime qua ntitative P C R･ lt was obs erv edthat e a ch S A
Ta se ha s a spe cific
pattern underthos e stre ss co ndito n s･ lt was n otablethatu nders ulfu r
deficient
28
co nditon, Sen at3;2 e xpre ssio nhighly slgnificantlyIn cre a s ed a触r1 2 ho ursin
■
ro ota nd shoot･ Se rat3;1 expressio nw as obs e rved afte r96 hou rs u nders u[fur
deficie ntc o nditio n.
29
3｡巧B すm息r odu c息io m
Cystein ebiosynthesisis achieved bythe c ombin atio n ofsulphide,theprodu ctof
the reductive s ulphate a simi[ation pathway, a nd L- Serin e, a nd inv oivestw o
c o nse c utive s e n zym es, s erine a c etyltransferase (S ATase) a nd cysteine
syntha s e(C Sas e) (2, 5)A S ATa s esynthe sizes the inter m ediary product O A S
fro m a c etyトc o en zym e A andL-Se rjne, which isthen c ombined withs ulphide by
the C Sa setoglVe L- CyStein e.
S ATas eis r espo nsible forthe entry stepfr om serine metaboljs m to
cystein ebiosynthe sjs. Ho motetrameric SA T is a s s o ciated withtwoho modim erjc
C Sa s e m o(ecu[e sto for m abie nzym e c o mplex know n a s cysteine synthase･
T he pr otein intera ctio n s within the c o mplex strong)y m odify the kinetic
propertie s of S AT,the e n zym ebeco ml ng m o reeffice ntfo rO ASsynthesis. On
c ontrary, C Sa seis a ctiveinits abu ndant fre efo rm a nd e xhibits mu ch redu ced
a ctivity whe n compJe x ed with S AT(46). This s ugge sts that the c omp)ex is
in v o一ved in the productio n of O A Sand the sensl ng Ofcysteine requJr em e nt
rathertha nthe synthe sis ofcysteineits elf(36, 48). Theinter m ediate, O A S,is
～
not on一y a do minant limitingfactorbut wa s s ugge st to be apo ssjbLe slgnal
m olec u一eforge n e e xpre s sio ninthe cystein ebio syntheticpathw ay(1 5,1 6). The
roles of O AS
,
sugge stthe pre s enc e ofa regulatory m e cha nis min S ATase at
eithertrans crjptio n alorpo st-tr an s criptiona[]ev e暮s(5)･
T hree S ATgen e shav ealreadybe en cloned fro m A･ thaI/
'
ana, andtwo
new S ATge nefamilyw erechara cterized inthis work･ Both S ATas eand C Sase
a reactiveinthe chlo roplast, mito cho ndria a ndcytos o]of highe rplants a nd their
e xpre sion ha sbe en de monstrated in m o sttis s u es(20, 49, 5 0)･ This wide
30
tis s ue a nd c eHula r specifictyis achie ved bethe co- ordin ated expr essJ
･
on ofthe
gen efa mily, e a ch fami[y membe rhav[ ng a specializ edrole.
■
ln this studyit was describe the expressio n chara cte ristic s of the SAT
gene fa milyduring p[a ntdev elopm ent and u nderstres s conditio ns. A detaj[ed
o v ervie w of the c o mplete A. thaII
'
a n aS ATge n efa mjJy by pro m ote トG FP
lo ca=zationis als opr e se nt.
3 1
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3.2.1‡ Ge n e e xp帽 S S岳o m o官s er巨m ea c e色y伽a m s甘酢a S eis
■
o官orm sim
A柑 bd
'
dopsd
'
sthalD
'
ana
mRN Aabu ndan ce of the ArabI
'
dopsisS ATa s es w a sfir ste xa min ed byNo rthe r n
blotting u s)ngtota[ R N Aextra cted from 3- w eek-old- ros etteLeavesI T he highe st
[e v e)of S A Texpres sio n w as observed o nSe ratl;1, Serat2;1and Se rat2;2. On
the c ontra ry,itw as u ndete ctab[ethe e xpre sion o nSe rat3;1andSe rat3;2. T his
re sultre v e aleddistin ctexpressionpatter n s am ongtheS ATa s es. Sin c eSerat3;1
a nd Se rat3;2sho w ed verylo w e xpre ssio n[e vels,fu rthe r e xpr e s sion stLJdie sw a s
c ondu cted with a mo re se nsitiv e m ethod u s[ ngthe r e aトtim equ a ntitaive P C R
fordetection ofexpre s sio n(Figu re11).
1
SA Ta s e s
Tubult
'
n
2 3 4 5
1. Se ratl,
'1
2. Se rat2;1
3. Se rat2,
.2
4. Se Blat3,
.1
5, Se rat3,
.2
Figu r e1l･ No rthe r n a nalysis of S ATa s e mR N A fro m 3- w e ek
- oldr os ette
′
le a v esin
Ar abidopsisthalia n a.
Twenty pgoftotal RNA w as s epar ated u nde rden atu r ated c o nditio n s o nal･2%(w/v)
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書
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■
To inv estigate the expr ession patter n of the S ATa s eisoform sdu ring pfa nt
developm ent, wi一d-type A･ tha/ia na(ec otype Colu mbia)s e eds were ste riliz ed
a ndso w ed on G Mm ediu m with l% sucro s e and O･2% gelrite･ Tis s u e s a mple s
w erehar ve sted eve ry w eek for5 w eeks. Tota暮R NA wa s J
'
s olated fro m stored
andstr atifiedseeds, c otyledo n,le af, stem , root, siLiqu e, and f[owertis s u e s1 5ng
of total R N Awa s u s ed for re aトtim equ antitative P C Ra n alysts, and the N-
ter min a[regIO n Ofa‖the S ATa ses CD N As equ enc e w as cho s e nfora mplificatio n.
T he r e aトtim equ a ntitativ eP C Ra na)ysIS W a s n Orma[ized witha n equalqu a ntity
ofs a mple R N A, a nd fわrthe c alc ulatio n sthe sta ndardcuⅣe Swe 帽drawn u slng
a mplifiedc odingreg10 nD N A fro m each S ATase.
Serlatl;1, Se rat2;1, Se rat2;2showed highera mounts ofmR N Ac o mpared
with Serlat3;1 a nd Serat3;2, agre eJng Withthe Northe rnblotting re sult. Ea ch
is oform showed distin ct mR N Aexpres sio n thro ughout plant
■
deve]opm e nt･
Seratl;1and Se rat2,
'1showed a nin crease ofexpre s sio nat the v egetativ eplant
stage(upto 3- w e ek- old)(Figu re12). On c e ente red the reproductive stage,the
expre s sio nlevels wer eslgnific a ntly reduc ed･ Sellat2;2 sho wed a n specific
■
pate rn,in whichthe expre s sio nin c rea s ed until 21 W e eks- old, de cre a s e after3-
w eeks a nd r etu rn to in c r e ase afte r5- we ek- oldpla nts. lntere stingJy, Serat3;1
a nd Se rat3;2 had simi[a re xpr e sio npa枕e r ns, show J nglo w expres sion at一ate
plantstage after5- we ek- oldplants･ T he e xpre s sio n ofthe s eis ofo r m swa ste n
time sLowerthanthe otherthre epre vio usisoform s･
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3.2.3. Lo c alization of S A Ta s e-G F P jn tra n sge nic ArabidopsIS
thalia n a
Ce”type specific- e xpr e s sio n of S A Ta s eis ofor ms w a s studied in tr a n sge nic
Ar abl
'
dopsis pJa ntstran sfo r m ed withfu sio nge n e c o n str u ct of S A Ta s epro m oter
a ndgre enflu o re s c e ntprotein(G F P)(Figu r e13). A D N A fragm entfla nking2500
bp upstre a m of thetra n slatio n alsite of S ATas eis ofo r m s w a smplified a ndtheir
identity c o nfir m ed by s equ e n c lng･ Subsequ e ntly, itw as fu s ed to the c oding
regio n s equ e n ce of G F P(51) and intr odu c ed into Ar abidops /
'
s plants by
AgrDba cten
'
u mtu m eia cie n s- m ediatedtr a n sfo rm ation(52)A
pB1 101
R 8 NO S･P Npt H ー N O S.T
Sall
′
Se ratl;1 2.5 k bprom otor regio n ー
SaJ I Da mJll
Ser at2
,
'1 2.5 k bpr o mote r region →
x bal Ba n Hl
Se r at2
.
･2 2.S k bpro m ot8 r regjon →
sat I SDII
Se rat3
,
'1 2.5 kbpT O mOter rOgJo n ー
Sal l Ba n HI
Se r at3,'2 2.5kbprom ote r r ogion →
Figu r e13 - Co n str tlCtion of tr a n sgemic Ar abidopsis e xpr es s mg
N O B-T L B
pr o m ote r- repo rte r
ftLSion gen e s.
Tiplasmid pBIIOl･ UidA w as
‾r epla c ed with the c o°ing reglOn Of GF P･ SA Tas e
ampli丘ed sequ en c e s w er e cloned directed-site cre ated byP C Rinto Tiplas mid･
3 5
Foreachc o nstru ct･ 3-5 indepe nde nttra nsgenic[jn e s w ere a naJyz ed. T he
a n alys e swe reperform ed usingfhJOreSC e nta ndc o nfoc a[mic ro s c opy･ln Figur.
e
1 4showsthefBuoresce nc e of G FP intra nsge nic ArabI
'
dops]spla nts e xpres sJng
G FP in Se r atl;1 and 2;1 isofor ms･ ln Senatl;1, G FPw asfo u nd in the phJo e m
and endoder mis m ain]y･ In Serat2;1 the G FPwa s visua一iz ed jn epidermis,
ph]o e ma ndro ot hair･
1n Ser at2;2the G FPwa s[oc aliz ed in va s cula rsyste m(phlo e m),in s epaLs,
phloem visualizedin a cro ss ste m s ection, tricho m e s, ro otepider mis and root
hair(Figure15).
ln Se rat3;1 the G FPwa svisualiz ed in phlo e m, n asc e ntro ots, a nd in
s epals. ln Serlat3,
.2 the G FPwa svis ualized m ainlyln Ph]oem , r ootepide rmis
■
a ndro ot hair(Figure1 6).
36
Seratl;1
I
■■
I
Serat2;1
I
Figure 14 I Lo c aLiz atio n of Se r afl,
ll and Se r at2,
･1 pr o m oter
- G FPin
transge nic Arabidopsis plants ･
se ratl,
･1 I T he G FPw a s vis ualiz ed in phloe m(ph)inleaf(a)andr o ot(c,d, e);
endode r m(e n)in a c r o s s s
.
ectio n ro ot(b)and in c o rtexintr a nsver s a[ro ot.(c)･
Se rat2
,
'1 I T he G F Pw a s vI S uaJiz ed in epider mやin一e af(a)I phlo e mvis u alized in
a
.
root c ro s s s ection(b)a ndtr an s v e r s aJs ectio n ln root(C･d. e)whe reitc o uld be
vI S u ariz edepide r mis(d).
3 7
Serat2;2
I
I
■
Figure 1 5
- - Lo c aliz ation of Se r at2.
.2 pr o m oter-G F P in tr a n sge nic
Arabidopsisplants.
Seld 2.
･2 - FIuore s c ent mic r o s c opy pictu res showing G F Pe xpr e sio njn ph[o em
(ph)in le af(a)and r o ot - c r o s s s ectio n(c, d) a nd in s epals in flower(b)･
Confocalmic ro s c opy picture s showing G FPe xpr?s sionintricho m e s(f)I phlo e m
in cro ss e ction ste m(e), epide r mis a ndro othair l n C ro s s ed s ection r o ot(g)a nd
tran s v e r s alro ot(h).
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Ser;at3;1 Serlat3,
.2
Figu re16
- Lo c aliz atio n of Se r at3;1 a nd Se raE3,
･2 pr o m ote r-G FP ir]
tran sge nic Ar abidopsis pla nts .
Selat3;ll Flu o r es c ent mic r o s c opypictu re s sho w l ng G FP expr e s sio nin phLo em
intra n s v e rs alro ot(a, b)a nd in s epalsinflo w e r(c).
Serat3;2 - Co nfo c almic ro s c opy picture s sho w lngG F Pe xpre s sio njntran svers al
旧ot(a,b, c).
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3.2.乱 臣xpr e s s岳o mpa鮎 m ⑳骨SA 耳盈S e亀柑 m S Cr毒p色S u nde r s uヨ官u r
de菅垂c岳e m亀c ⑳md岳色毎o m a nd c admiu m亀帽 a亀m e m色
Expre s sion of e a ch S A Tas e was further a n alyzed u nde rpre s e n c e of stre s s
conditons. A 允erthree- w e ek-o一d plantgrowth on aga rm edium , the pla nts were
tra n sfe rred tofre sh agar m ediu minthe pre s en ce o rabse nc e ofc admiu m a nd
sulfu r a nd in c ubated for12and 96 hou rs. Expre ssion a n d)ys]swa sperform ed
●
u sing the re aトtim e qu a ntitative P C R. Under s ulfu rdeficie nt c o ndito n, the
mR N A lev els ofthethre eSATa s e sdidn otincre as einr o ota ndsho ot. Se rat3;1
expre s sionin cre a s ed o nlyafte r96 hours,in ro ot･ NotabLy, Serat3;2e xpre s sio n
slgnific a ntLy)n cre a s ed after1 2 hoursin ro otand shoot･ T hisis ofo r mpo畠sibly
●
ha s a spe cificrole u nders ulfu rdeficien cyc o nditio n(Figure17)･
Unde r50pM Cadmium tre atm e nt,in ro ot, the expre s sio nin cre ased in
e a ch isofor m, e x c ept forSe rat3;ll In sho ot, Serat3;2e xpre ssion w a sincre a s ed
under Cdc onditio n, butthe e xpre ssio n of other S ATa ses didn ot in cre a s e
c ompa red to ro ot･ Probably thisis be c a u s e ro otfirst abs orv eCd fro mthe
medium increasingther e spo n s efa sterthanin sho ot(Figure18).
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3.3. Dis c u s s岳o m
Completion of s equ e n cl ng Of the geno m eha s enab一ed u sto identify all
m e mbers of the S ATa s ege ne family in the ArabI
'
dopsis ge n o m e. (The
Arabidopsis Geno m eInitiativ e, 2000). W ith this work, aL 川ve S ATa s e s w ere
chara cterized a cc o rdinglyto differ e nt s en sitiv ty to feedba ck regulatio n and
s ubcellula r[o caliz atio nthat may p)aydiffe rentrole sfor cysteine biosynthe sis.
T he c on c e ntration ofL- CyStein ein cyto s ol can be prope rly regulated bythe
fe edba ck regulation of cyto s olicisofo rm , Seratl;1, Serlat3;1 and Serat3;2. 1n
bacteria, S ATa s eplays a regulatory role of cystein ebio synthesis through
fe edba ckco ntrol(53).
S ATa se smR N Aexpre sio nw a sinve stigated.Itcould be s e e nthateach
S ATa s ehad a specific pattern ofe xpre s sionthro ughoutpla ntde v e)opm e nt. T he
■
requlre m e ntS Of m R N A du ring e a ch p一a nt stage c o uld be s e ndifferently ln
each is ofo r m. T he thre e m ajoris ofor m shad simila r expres sio n patern,
increas[ ng u nti[ 3- w eek- oldplants, whe r e a s, Ser at3;1 a nd Serat3,
'2 had their
e xpre s sio nrequirementhigher afte rthe pla nt e ntered the reproductiv e stage･
T hisr e s ults ugge stthatthetwo n ew chara cterized isofor m s･have a specific ro一e
du ringthis pla ntstage.
Funhe ra n aJysIS W a sPe*o rm edto unde rstand e a ch SAT Io c aliz ation by
tra nsge nic ArabI
'
dopsISPlants･e xpre ss]ngthe S ATprom ote r
- G F P fusion ge ne
c on struct･ lt s uggested that e a ch S A Ta se ha s a specificlo caLization patte rn,
although in va s culartis s u esthe G FP e xpre sio n c ould be seenin allisoform s
(Table 3). T he differe nt
I
Ioc aLiz ation sc ouLd be explain ed bythe n ec essity of
ea ch is ofor mto regulate cystein ea vailabiLity nthe ce”.
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Tis s u e s Se 柑紺,
'1 Se 柑t2,･1 Se 柑t2,
.2 Se 柑i3,
'1 Se ra13,
.2
Le a℡ ♯ ♯ ♯♯ ♯＋ J r I
Ro o色
＋ ＋ ♯＋ ♯＋ ♯♯ ヰ♯
Ro o忠ha豆r ■■ ＋ ♯ ■■ ♯
Va s cuEa r
E‡e m e m色S
＋ ＋ ♯ ＋ ♯＋ ＋ ヰ♯
Tricho m e ＋ ＋ ＋ ＋ ー ■l■
SepaB ヰ ♯ ＋ ♯ ＋ ♯＋ ♯
Table 3 - Tis s u e･Spe ciSic e xpr e ssio n of the S A Ta s eis oEo r m sin tr a n sge nic
Ar abidopsistis stl e S.
Under s o m estr e s s condito ns, S ATa s e sincre a s ed their expre s sion,
spe cially Se r at3;1 a nd Se rat3;2･ T his re sult shows the s eis ofor ms to have
spe cific role s whe n u nde r str e s c ondito n s su ch as s ulfu rdeficient co ndito n
and/or unde rhe avym eta=r e atm e nt.
o ASand its de riv ativ e, N- ac etyトL
-S erin e(N A S), serv eas substratefo r
cysteine synthesis, and as a nindu c er of Cys regu[on (53)I Under cysteine
”mitatio n
,
S ATa s e a ctivityis de repres sed from feedba ck inhib
'
Ltion bycystein e,
and the der epre s sed S ATa?e provide sO AS a nd N AS fo rthe a ctivation ofthe
Cys regu]o n. S A Ta s ecyto solic
-isofor ms a re similarto the ba cterial S ATa s e
a ccordinglyto the expr essio npa*e rn andthefe edba.ck inhibition byL
- CyStein e･
underthe c onditon of cysteine (sulfur)limitation, cytos olic S ATa s e c a nbe
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de repre S ed bythe c a nceling of fe edback inhibitio na ndprovide O A S forthe
s u作icje nt produ ctio n of cystein e and possiblyforthe indu ctio n ofthe ge n e
expr es sion of cysteine bio synthesisthrough O A Sa s akey compou nd. T he
prelimina rydata of O A Saccum ulation u nde rthe condition ofs ulfate starv atiわn
(54)andthe resu[tsfore nhancing effects of O A S for activitya nd mR N A Ieve)of
su[fate uptake and reductio n(15, 55)suppo代theidea ofthis regulato rycircuit
in volving fe ed ba ck co ntro[ of the cyto solic S ATase. T he c川oroplastic a nd
mito chondriaI S A Ta seis ofor ms, in s en sitive to cystein einhibition, m ay n otbe
involved inthis regulatorycircuit,probab一ybeca u s eO A S form ed in chlo roplasts
and mito chondria c annotc o ntributetothegeneinductioninn u clei(20).
ln c o ntra st
,
in chlo r opla sts,thehigha m o untofcysteineis n eded forfulJ
biosynthesis ofm ethionine a nd GSH,thatm ethio nin e(56,57)a nd G S H(58, 59)
a r e m o stly synthe sized in chLoropLa sts. T he refore, itm ay be n eces s a ry to
pr odu c e aIa rge a m o u ntof O ASeven u nderthe high c o n c entratio n ofcysteine
witho utthefeedba ck inhibitio nbycystein ein chloropJasts(20)I
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H E A V Y M E T A L TOLE R A NCE OF TR A NS GE N且CTOB AC C O
P L A N TS OV E R 監X P R 監S S竜NG CYST E】N ESY N T H ASE
A bs亀ra ct
Cystein e synthas e(0-a cetyトトSe rine(thiol)Lya se)catalyze sthefin a[stepfo r L-
cysteine bio synthesis in p[ants. T he tolera nc e of transgenic toba c c oplants
o v erexpr essing cystein e synthase CD N A in cyto sol(3F), chloroplasts(･4F)and
inboth o rga ne”e s(Fl)werein ve stigatedto w ardshe a vy m etals s ucha sCd, Se,
Ni
,
P ba nd Cu. T hetra n sgenicp[ants w ere s]gnific a ntly m or etole ra nttha n wild
-
type p一a ntsin aga r m ediu m c ontain lngCd, Se a nd Ni, T he Fltra n Sge nicp一ants
reve aled bette r re sista nc etha n othertransge niclin e stow a rdsthes emetals and
cou[denha n c e ac cu m ulation of Cdin sho ot. T hes e s ug gestthat thetra n sge nic
plants o v ere xpres sing cysteine syntha s eboth in cytoso)a nd ch[o rOpla sts can
be applic abletophytore m ediatio nof Cd fro m c o nta min ateds oi[s･
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A number of hea vy m eta[s s uch a sCu and Nia re e s s ential micro n utrientsin
p[a nts, r equired fo ra v a rietyofphysiologlC alm e chanis m s･ Ho wever,in ele v ated
co nce ntrationsin the s oil, theyca useto se rious wor)dwide enviro nm enta[and
hu ma nhealthproblem s(60, 61). To overco m ethis proble m, pla nts poss e s s a
varietyofpote ntialc ellular me chanismsthatareinvolved inthe detoxific ation of
heavy metals andtole ra n ce to m eta一stres s(60). P hytochelatin s(P Cs), ofthe
ba sic stru ctu re(†-GIu - Cys)n- Gly(n=2-1 1), synthesizedfrom g)utathio ne(G S H)
inp一a nts when e xpo sed tohe a vy m etals, playanimporta ntroleindetoxific ation
oftoxic m etals s u ch a sC da nd As(62). Thedeto xificatio n m e chani$
l
m in v olve s
c o mple xform ation of P Cs withthe he a vy m etals a nd their storageinto the
vac uole. G S H is synthe siz ed fro m cysteine by atwo
-step e n zym atic re a ctio n
c ataLyzed by the †-g[utamylcystein e syntha s e a nd G S Hsyntha s e, both
regulated attra n s criptio n al a nd tra n sJation at lev e一s (63)I Fu rther m ore, G S H
bio synthe sisis stronglyregulated bythe cystein e a v ai[ability(64)I
Ov ere xpre s sio n ofcystein e synthas e[O- a c etyI-L- S e rin e(thioJ)Iyase, E C
4.2,9 9.8](C Sa s e), which c atalyze sthe fin al step of cystein e bio synthesJ
r
S
,
c aused the in c re a se of G S Hand cysteine c o nte nts in toba c c o(NI
'
c otiana
taba cu m) (65). More o ver, the tra n sgenic ArabI
'
dopsis tha/I
'
ana pla nts
o ve rexpre s sing C Sa s ein cyto s ol show ed the tolera nce upo n
'
cadnium
treatment (66). T he s ere s ults s uggest that the biosynthesis of cystein e
panicipate sinthe detoxification of heavy m etals and thu s e nhan c ed form ation
ofcysteine m ayle ad to resista n ceto hea vy m etalsI
sulfu rcon stitutes one ofthe m acro nutrie nts n e c e ss aryfo rthe pla ntIife
cycle･ horga nic s ulfu ris take n up as su[fate frわm the soi一thro ug
h the ro ot
4 7
syste m and fix ed into cystein ebythe cystein ebiosynthetic pathway(5). The
synthe sis ofcystein e repre s e ntsthe assimilation step of the redu ctive s ulfate
assimilation pathway･ Serin e ac etyltransferase a nd C Sa s e c ataLyz e the
s equ entiabre a ction sleadingto cystein eproduction. T hes etwo e nzym eswere
dem o n strated to lo c a”ze in thr ee m ajo rplant c e” c o mpartm e nts (cytos oJ,
chloroplasts, and mito cho ndrja) (17, 2 0). Cysteine is afterw ards incorporated
into pr otein sa nd G S H, or s er v es a s s ulfr don or of m ethio nine a nd s uJfu ト
c ontainlng Se c ondary produ ctsinp一ants.
1n this chapte r, tra n sge nic toba cc o pla nts ove rexpre ss [ng C Sa s ein
cyto sol (3F pla nts), chloroplasts (4 Fplants), and both in cyto s ol a nd
chlo ropla sts(FIPlants)generated bycro ss ed-fe州Lizationfro m3Fand 4Fplants
(57), in which G S Hand cystein e c o nte nts w e re e nhanc ed, w ere u sed a s
in strum e ntstoinv e stigatetolera nce effe ctstothe diffe re nt he avy m etals･ T he
re sultsindic atethatthe FIPla nts are m oretolerantto Cda nd Setha nwild
-type
p一a nts a nd 3Fand 4 F transfor m a nts, s ugge Stjng a pos sible applic atio nto
phytore mediation ofthe seheavy metaIs･
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o v e re xpre s s mgG Sa s e
■
pre vio u slythe resistanc e ofthetransgenictobacco plants(3F, 4 Fand Fl)to
sulfur- c o ntaining po”uta nts ha s bee n reported (65)･ T he FI P[a nts
over e xpre sing C Sa s ein both cyto s ol a nd ch[oroplasts showed higher
toleranc eto s ulfu r- c o ntaining ponutants, than the parentplants(3F in cyto s ol
and 4 F in chloropla sts)a nd the c ontro一toba cco. Funherm oreG SH a ndcystein e
c o ntents were highe rinlea v es of FI Plantstha n3Fa nd 4Fp[a nts(65)･ Sin ce
enhanced Ie velofthiol m etaboLites m ayre s ultininc re a s edtolera nceto he a vy
metals, w ee x a min edthe r esista nce of the tra n sge nic plants to diffe re nttoxic
m etalsin c一udingCd, Se, Ni, P band Cut
T he tra n sgenic pla nts w e reger min ated on Alagar pLate s c ontaining
differ ent co n c e ntration s of he avy m etalsI Afte rthree
- w e eks
,
3 F
･
4 Fand FI
pla nts sho w ed tolera n c eto Cd, Se and Ni, whilethe wiLd
-typetoba c c o sho w ed
s eve reto xicitysympto m s(Figu re19).T he wild-typeplantsbe ca m ene cr otic and
c e asedto gr o wl ln c o ntra st, tra nsge nic p)ants sho w ed atte
n uated symptoms
a nd c o ntinued to grow l T he FltranSge nic plants under C dc o nditon s
howed
m o re e xpa nded leav es than 3Fa nd 4Fpla nts(Figu re s19B and 19 C)I T his
re sult indic ated that Fl tra n Sgenic toba cc o, in which C Sas e a ctivity ” the
ch]oropla sts and cyto s olis enhanc ed･ showed an imp
roved he avy metal
tole ranc e c o mpar ed with 3 Fa nd4Fplants･ T hehe avym eta)tolera
n c e obs er ved
inthetra n sgenicp一ants ov erexpres slngC Sase sugge sts
that thein cre a s edthioI
c onte nts in thes etra nsgenics are m o stly liked to be involved in effice nt
synthesis of P Cs, which are re sponsib一efo rthe deto
xific ation of Cd･ Sin cethe
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Jeve[s of G S Hand cystein e a r ehighe rin FI Pla ntstha n3 Fa nd 4 Fp(a nts(65).
the s ehigher一evelsthiols w o uld be be nefitabletodetoxific atio n of Cd,Se and Nj.
1t wa s als o e x a min ed the re spo n s e of transge nic pJa ntsto Pba nd Cu
Stre s s. T he p)a nts w ere expo s ed to differ e nto o nc entratio ns of Pb(N OB)2 and
CuCl2 fo rthre e- w eeks. Howeve r,in c o ntr ast to C d, Se a nd Ni, no Significa nt
impro v e m ent w a s obs erved with the tra n sgenic plants unde r P band Cu
tre atm e nt. Aftho ugh P Cs areindu c ed byCu I
-
n vJ
'
vo
,
a nd a re ableto chelate Cu
in 伽 ,their roJein Cu and Pbtole rance is stillu n cJe a r(68). T he Se r es ults
obtained s ugge stthatPband Cu m ayhave different detoxific ation m l∋Cha njsm s
othe rtha nP Cs o r otherthio]s.
l ■
J q
Wi)d-ty pe Fl
3F 4 F
Figtn e19 - Resista tL C e Ortr a n Sge Aic punts to c admiu m, S ele nitL m a nd nickel
to xicity.
Co ntr ol wi 1d-typetoba c c o a ndtr an sge nicplaJItS O V er eXpreS SingC Sa s e(Fl, 3F, and4 F)
w eregrow nfo rthre e- w e eks on s olidA lagar ofheavy m etal-缶e e m ediu m(A)orinthe
pr es e n c e of250pM Cd(B),5 00pM C d(C),250トIM Se(D)or500トM Ni(E).
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We perfo rm ed a quantitative e valuation of he avy meta[s tolera n c ein the
tran sge nic plants, m o nito ringthre eparam eters n or m al一yu s edtode s cribe metal
to xicityin pla nts: plant weight, ro ot Ie ngtha nd chlorophy”c o ntent(Figure20)I
compa nngtothe growthon the c o ntrolm ediu m,the p一antweighty ro otgrowth
andchlorophy”co ntentwereinhibited byCd treatm ente veninthesetra n sge nic
)ine s. Howeve r, afte r cu)tivatio nforthre e- w e eksinthe pre s e n c e of 250a nd 300
pM Cd,the plant w eighta nd ro otle ngth of Fly 3 Fand 4Ftransgenictoba cc o
were s [gnific antly higherthan the wild
-type plants･ T he FI Plants We re
signific a ntlybetterinpla ntw eighta ndro ot一e ngth than3Fand 4Fp[a nts･
Furthera n alyz e s ofthetra n sgenicplants werepeHorm ed inthepr es e n c e of
250pM Se a nd 500pM Ni一lnthe pre s enc e of Se, rootgrowth of FIpla nts
was
s lgnific a ntLyIn c rea s ed c ompar ed with 3F･ 4 Fa nd c ontrolpla nts･ An a)y$lS Of
●
plantfr esh w eightals o sho w edthatFIP一a nts were slgnific ant)y･
higherthan wild-
type and 3Fplants･ Ln chlorophyn c onte nt･ a” the t
ran sge nic lin e swere
slgnificantly better than wild
-type pla nts･ The s er esults suggest that Fl
tra n sge nic pla nts over e xpressl ng C Sa s e can c ontr
ibute to imp･rov lng their
●
to一era n c eto Cdand Se by ove rpr odu ction of thiol c o mpounds (G S Ha nd
cystein e a ndpresum ably P Cs)･ Qu antitative a n alysis oftransge nicpla ntsto Ni
sho wed Fl, 3Fa nd 4Fpla nts w e re slgnific antlybeterthancontrolpla nts･
Do minguez- SoI
･
LS etall(66)reponedthatthe cytosolic ove re xpre s sion of
c sa s ein ArabI
･
dopsis tha/I
･
ana resulted in e nhanced tole ran ce to Cd･ Ou r
prese nt re s ults indic ate that o v er e xpr es Sion
･
.
of C Sa s e, both in cyto s ol a nd
chLo ropta sts,isbeterforenha ncedtoLerance
to Cdand Se･
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Figu r e20- Re sistan c e of tr a n sge nictoba cc oto C d,Se' N i･
plant w eight, r o ot le ngth and chlorophyllc o nte nt of wild-type (W t) and CSas e
tr an sgemicplants(F.,3 F, and4F), w er e m e astlr ed afterthre e- w e eks c ultiv atio ninheavy
m etal-fre e m edium and in m ediu m c o ntaining250and 300pM Cd, 250pM Se and5 00
pM Nil The differe n c e s am o ng wild
-type
l
and tr ansge nic plants w er
'
e an alyz ed
statistic allyu singStude nt
､
s T-te st.(*, P < 0･1; * *, P < 0･025;
*** *;P < 0･005)･ Data
ar ethe m e an s ofa n alyz e s ofele v e nindividu alplants&o m e a ch lin ej=S･ D ･(bars)･
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The acc um ulatio n of Cd in Fltra nSge nicplants, gro wnforthre e- w eeks o n aga r
m edium s upple m ented with 100a nd 200トLM Cd CI2, W asdete r min ed bylC P M S･
ln sho ot, the totala m o u ntof Cd pe rgtiss u e(Figure 21 A)and per o ne plant
(Figu re21 C)intran sge nic Fltoba cc owa sIargerthanin wi[d-typepla nts. ln ro ot,
thetotalc onte ntof Cdpe ro ne plant(Figure 21 D)in Fltra n Sge njc p一a nts w as
highertha nin wi[d
-typetoba c o･ How ever, C dco ntentpergtis s u e(Figu re21 B)
in ro ot wa shigherin wild
-type plants,indic atingthatin FIPla nts Cd does n ot
acc u mulateinto root bute ve n efFectlytr a nspo rted upto sho ots.･C dis po s sibly
tran spo rtedfro mroot to sho otin apote ntial detoxific atio nme cha nis minthe Fl
tobac c opla nts mo re effe ctively･ It is known that toba c c os e edlings a ctiv ely
excJude C d byfor m L ng Crystals containing high am o u nts of Cda nd Ca fro m
tricho me s(67). T hus, the tr anspo什 to trichom e s ofIe a v esis pre s u m ably
enha n c ed in FIPlants bye[e vated lev e)s ofthiols c o mpo u ndsI T hefactsthatCd
a c c u m ulatio nperp一a ntis e nha n ced in Fltra n Sge nic pla nts are pro m(s)ngfo
r
f I
funher applic atio n ofphytore mediatio n ofCd･
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Figu r e21- Cadmiu m a c c u m Ⅶlatio nin FltranSge n l CPla ntsdete rmin ed byI C Y M S･
●
cdco nte ntin wild-type(Wt) andinFl tranSge nicplantsperg &e sh w eight(F･ W ･)in
sho ot(A) andr o ot(B), andper o neplant in sho ot(C) andr o ot(D)gr o wn o nGM agar
m edium c o ntaining lOOand 200pM CdC12･ Data ar ethe m e an s of triplicate
dete rmin atio n s±S. D .(baT S)
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To unde rstand the effect of Cadmiu m in tr a nsge nic pla nts o verexpre sslng
C Sa s e, Cadmium toleranc e of tran sgenic toba c c op)ants overe xpre sslng
cysteine synthas e, wa sin ve stigated.
Cysteine syntha s e c atalyz es the form atio n of cystein efrom O A Sa nd
hydroge ns ulfide atthefin alstep ofthe cysteine bio synthetjcpathw ay. C Sa s e
CD N Aclo ne have been is o一ated fro mdiffere nt plants su ch a s Arab]
'
dopsIS,
■
spinach, w aterm elon, wheat, m aize, pepper a nd C hin e se chiv e. Cystein eis
,
incorpo rate into glutathio ne. W he n e xposed to he avy metals, gJutathione
synthe sized phyto chelatins. GIutathion eleveJs re spond to the avai[abilty of
cysteine, thereforethetra n sge nic p[a ntoverpr odu clng CySteineis expe ctedto
havehigh abilityto synthe sizeglutathio n e and Phyto che[atin s.
1tis knownthatthe Bio synthe sis of Cystein epa rticipate sinthedetoxific ation of
heavy m etals s u ch a s c admium a nd,thu s, enhanc ed for m atio n ofcystein e m ay
re s ultin re sita n c etohe avym etals.
First it wa s co nstr u cted tra n sge nic tobacc o pla nts ov e re xpre s s)ng
Spin a ch CSa se in cyto soI(de no min ated 3Fpla nts) a nd in ch[oropLa sts
(de n o min ated 4 F). FIP一a ntsthatha s enhanced C Sas e a ctivityin cyto s oland
cMorop[a st, w a s gen erated by cro ss ed
-fe rtiLization fro m 3Fa nd 4Fpla nts･
The sepla nts w e re u s ed a sinstrum e ntstoinv e stigate c admiu mtoLeran c e･
Cystein e and glutathio ne co nte nts w e re e nhanc ed in 3Fand 4 Fplants
c ompa n ngto the W ‖d
-type･ lnthe double enha n ced Fltra nSge nic plants･the
Cys and G S Hcont6nts were s uperiortha nthepare nts･
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Sin c e e nha n c ed levelofthjolm etabo‖te s may re sultinin cre a s edtole ra npeto
he avy m eta白s, itwa s exa mined the resistanc e ofthe se tra n sgenic pla nts to
Cadmium .
T he res ult show edthat c o ntroトplants grew we” withe xpa nded lea ves
a nd lon9 root. W ild-typetobacc o showed c一earlytoxicity symptoms. Leafand
root ce a s ed to grow , be co m lng ne CrOtic with Cdc onc entrations abo v e250pM.
In c ontr ast
,
tra n sge nic plants sho w ed a*e n uated symptoms a nd c o ntinuedto
gro w. Fltra n Sgenicp一a nts sho wed to be m o r eresistantthanthe par ents3 Fand
4Fpla nts. T his res ult indic ates that Fl tran Sgenic toba cc o, in which C Sa s e
a ctivity in the chloroplasts and cytos ol is e nha n c ed, showed
-
a nimproved
c admiumtolera n c e c o mpa r edwith 3Fand 4Fpla nts.
Fu rther an alysts Was Pedor m ed to confir mthe previo u s re s ult. 1t wa s
pe rfo r m ed a qリantita ive e v alu ation of hea vy m etalstole ra n cein thetra n sge nic
●
pla nts, m o nitoringtwo para mete rs:pla ntw eighta nd ro otle ngth･ Companngto
thegrowtho nthe c o ntro一 m edium witho ut Cadmiu m,the pLa ntw eighta nd ro ot
gro wthwereinhibited bythe Cdtre atm e ntin wild
-type. Inthe pre s e n c e of Cd･
the plant weight a nd ro ot le ngth of Fl, 3 Fand 4F tran sgenic toba cc owe re
$lgnific a ntly highe rtha nthe wild
-type pla nts･ T he s eparam ete rs in FI PJants
w erehigherc ompared with 3Fand4 Fp]ants･ lt hasbe ende mon stratedthatan
in cr e a s ed expre s sion ofge n e sin volved in s ulfur assimilatio n･ glutathio n eand
phyto chelatin synthesisjn re spo ns eto c admium treatm e nt, ha sbee n shownin
Arabidopsis (69). Regu一ation ofthe e xpression of ArabJ
'
dopsis-tra n sfo rm ed
pla nts ove re xpre s sin白the cyto so]ic C Sa se u nder stre ss c o ndition shas been
inv e stigated(66). T he results sho w edanin cre a s ed tolera nceto cadmiu m when
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grow njn medium c o ntaim ng250pM Cd Cl2, S ugge stingthatin cre a s ed cystein e
a v aJlabilityis respo nsibleforcadmiu mtoleranc e(66).
‡n the pr e se nt study, the a cum u)ation of C d in Fltra n Sgenjc pla nts
s upplem e nted with100 a nd 200pM cadmiu m, w asdetermin ed byJCP- MS. ln
sho ot,the totalam ou ntof C dpergtis sue a nd per one p一a nt in tra n sgenic Fl
toba c co wa shighe rtha nin wi一d-type pla nts.1n ro ot,thetota暮c o ntentof C dper
oneplantin FltranSgenicplantsin cr ea s edc ompa red with the wild-typetoba c c o.
However, C dc o nte ntpergtis s uein root w a shigherin wild-type pla nts. T his
indic atesthatin FIP)ants Cd doe snota c cum ulateinthe ro otc e”s,inste ad, C d
is effic ent一ytra n spo rted upto sho ots, ltis kn ow nthat tricho m e s onIe afc an
ac c u m ulate Cd and r ele a sed tothe e n viro nm ent a sa n effice ntdetoxific atio n
p一a nt mecha nis m.[tw a sr epo托edthatwhentoba c c o s e edlings w ere e xpos edto
toxicleve一s of C d, gr o wthw a sreta rded,buttricho m e n umber w asin cr e a s edup
to two-fold in c o mparis o nwithu ntre ated sa mple s(67). Toba c c o s e ed)ings
a ctiv ely e xc一ude Cd byformlng C rystals c o ntaininghigh a m o u nts of C da nd Ca
fro mtricho mes,the rebyappare ntlya cquiringtole ranc etotoxicIevels of Cd(67)I
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5,1. Ge m e r aE Dis c u s sio n
5. M す Gha ra c色e rizatio m a nd gene e xpre s sio n a n a‡ysBS O官s e rime
■
a c e竜y蜘a m sfe ra s eis ofo r m s蓋m A柑 bg
'
dopsis 納alg
'
a n a
Table4sho w sthekineticc o n sta nts ofaL)theArabI
'
dopsisS ATa s e s. Acc ordingly
withs ubc e”u[a rlo c a=zation, tw ois oform s are s ensitiv etofe edba ckinhibitio nby
cysteine: Seratl;1and Ser at3;2. T hetwois oform shav ethe s a m elo c a=zatio n,
■
altho ugh dependingo ntheplantgro wth Se rat3;2c anbe s eeJngln Ch暮o ropla sts･
T hisis oform a ctivity wa sinhibited by L-CyStein ein a n onco mpetitive m ann e r
withL S e rine
,
but co mpetitiv e witha c etyI-CoA,inthe s a m epatte m s ee ing [n
Serlatl;1.
serat3;1joined Se rat2;1 a nd Serat2;2 ac c ordinglyto their fe edback
inhibitio n,in s e n sitiv etype, altho ughtheIo c alization ofthis s ofo r m(Serat3;1)is
cyto s oJic,
T he kin etic v a)u es ofthetw on e wchar a cterized isofo r m s ar ehigh c o mpared
withthe othe rthree SATa se s, c o n cluding that the s etwoisoform shavelo w
affin tyc o mpa nngtotho s eisoform s･
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ls ofo r m s Feed ba ck SubceJILJla r Km
lnhibitio n lo calizatio n ErnM]
L･ Se rin e Ac ety]･ CQA
lnM biton(Kf)by
LICyStein ebIM)
L-Se rjn e Ac etyJ･CoA
Se ratl
,
,1
Ser 3t2.
'1
Ser at2,
,2
Set.af3;1
Serat3;2
S e n $ltJv e cyto s ol
ir) s e n sitiv o cM or opla st
in s e n sitiv e mito cho ndrla
in s e n sitiv e cyto s o1
s e n sitiv e cyto s olI
ch loropla st
2.71 0.2 8
1.64 0.16
1.68 0.02
1 2 1.4 24.5
3 9.5 4 5.1
1 0.8 7.4
(nol u O mPetJtboI (co mpetijv o)
1 7.3 2.5
(rlO n C O mFntitjv e) (c o mpetitiv e)
Table4- E in etic c o n sta nts orr e c ombiJ)ant Ar abidopsl
'
sS A Ta s eis ofo r Jn S･
m e e n zymatic activities m arkedin pink w ere detemin ed in vitr o as de s cribed under
M ateri als and Methods.(-)n oinhibitio nbyLICySteine.
Ac c ordingtothe c o mprehensive e xpre s sio n studiesin S ATa s eis ofor m s
in ArabidopsI
I
s
,
itc a nbe s ugge st that s ulfu r a ssimilatio nis regulated du ring
de v elopm ent a nd u nde r str e s sc ondito n s･ ltc ouJd s e e a nincrease in
e xpre s sio nofall S A Ta s e s at thetrans criptJe v e(upo nc admiu m e xpo su r ein r ot
a nd in sho ot.indepe nde ntlyofthetissue-Spe c J
'
fjc e xpre s sio npatte r nofthefiv e
is ofo rm s studied, all is oge n e s respo nd to the pre se n c e of the m etal by
in c rea s ed e xpre s sio n-e v els･ T his agr e e swith c admiu m r egulation studie s
perfor m edo nSe rin ea c etyltra n sfe r a s ege n efamilybyHo wa rthet･ al.(33)I
Unde r sulfu r- sta rved c o nditio n, o nly Ser at3;2 w a sindu c ed･ T he other
S A Ta岳e sdidn othavetheir e xpr e s sio nincrea s ed. Jn Sel?t3;1.th.
e e xpre ssio n
c ouJd be s e e n only af(erJo ng-te r mpe riod of in c ubatio n. ]tha sbe e n r eported
that S ATa s ege n e s u nde r s ulfu r sta r v atio n after r e altim e a nalysis, Se 招t3;2
had the e xpre s sionin c r e a s ed signific a ntlyco mpa red withothe rS ATas e s(o r aJ
c om m u nic atio n).
5 9
5.瑠.2｡ G℡m e expr e S S豆⑳閃 0菅 ser豆me a ce息y邑色ra m s5e 柑S e岳s o官orm s
u mde r s亀re s s e ⑳mdi竜豆o m s岳閃 AFabD
'
dopsD
'
s 納alD
'
a87a
P[a nts are exposed duringtheir vitalcycleto advers e e nvir on m e nta)c onditio n s
that n egativdy affe ct growth, dev elopment or productivity. Am o ng the s e
c o ndition sthat c a us epla ntda m age isthe presenc e of to xic c ompounds a s
heavy m etals･ Pla nts de velopdefe nse m echanism sto de alwith the s e adve rs e
c o ndito n s and m any of the s ere spon s es in vo一ve the synthe sis of thioJ-
co ntain J ng m olecule s. It is w eIIe stablished thatthe c admium detoxific ation
in v olv es the chelatio n of the he avy m etal by afa mi一y ofpeptideligants,the
phytochelatin s(68), requiringthe synthe sis of the pre cu rs orsthiol m ole c ules,
cystein e a ndglutathio ne･
Tra n sge nic tobacc o(Nic otia na taba cu m) (Fl) plants with enha n c ed
c sa s e a ctivitiesbothinthe cytos ola nd inthe chloropla sts werege n e rated by
cros s-fe rtilizatio n of tw otra n sgenictoba c o e xpre ssing eithercyto s olic C Sase
o r cMo roplastic C Sa s e(65), T hes etra n sge nic sho w ed to[era n c eto s uLfu r-
c ontaining en viro n mentalpomutants･ Upo nfurm lgation with Ol pL L
-1
s ulfur
dioxide
,
the cys a ndglutathio ne co ntentsinleav e sof FI Pla nts werein cre a s ed
signific a ntly,butn otinIe ave s on n o n
-tran sfo rm edcontroLplants(65).
The he a vy m etalto一eranc eobs e Ⅳed in thetra n sgenic plants
o v e re xpre s slng
c sa s ein cytosoland in ch]o ropla sts sugge ststhatthein cre asedcystein e and
glutathio n einthesetra n sgenic s a re mo stlyLiked to be al
soinv olved in e冊cie nt
synthe sis ofphytochelatins(P Cs), which are re sponsibLeforthe cadmiu m a nd
othe rhe avy metaLsdeto xjfic atio n.
w he npla nts are expos edto he avy m eta[s s uch a s c admium ･
they begin to
synthe size phyto chelatin sfrom glutathione,forming c o mplex withc admiu min
60
the c e” a nd storJng the minto the va cu ole s. Sin c egLutathio n eis synthesiz ed
fr o m cystejne by a tw oI SteP e nZym atic r e a ctio n a nd str o ngly regulated to the
cystein e availability, whe nC Sa s eis o v e r e xpr e s s ed in both c o mpanm e nts･the
detoxific atio n m e cha nis m m ay be improv ed in the s e tr a nsge nic pla nts
overexpr e s sing C Sa se(Figu r e22).
CSa s e
L:.
C
:1
s2
'
言
‾ -
SA Ta s e
Cys
～
. GSH
I
FIhybnhoh tJn
書yrLtha 8e
Cd2'
C d2十
?
Cd2＋
C d2◆
p
l
b
/
Cd. P C
Figu r e2 2
- Detod rIC atio JLM edlanism of Cad mitl mbyP hyto chelatimin Pla nts
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5-2. 6⑳mchsio m s
･ Se rat3;1 and Serlat3;2 are the new me mbers of the se rjn e
a cetyltransferas e gen e fami8y fro m Anabl
'
dopsIS thal]
'
a na･ T he lo w affinty
SA Ta se is oform s showed distnct fe edba ck regu一ation and s ubc e仙Iar
lo c aliz atio n,in which Serat3;1 is notinhibited bycystein eand Serat3;2 thatis
s en sitiv eto cysteine inhibition･ T he subcellula rLoc alizatio n where Serlat3;1 is
lo calized in cyto soland Serat3;2 is[oc a‖z ed in cyto so)and cMoroplasts･ The s e
twois ofor ms w e re c o n cluded to ha v elow affintyto their s ubstrate s a nd Lo w
e n zym ea ctivityc ompa red with otherS ATa s es.
･ S ATa se is ofor m sin A･ thalian a sho w ed different e xpre s sion patter n
during p.a nt dev elopment a nd u nde r s o m e stre s s c onditio n s. T heir distin ct
tran script levels sugge st thate a ch isofo r mha ve a distinctr olein pla ntc ells.
Serat3;2 m ayhav ea spe cificrote u nde r stre s s c onditon s, wherethe e xpre ssio n
was e nha nc ed.
･ Transgenic p一a nts o v e rexpre sl ng C Sase in tobacc o enha n c ed the
c apa cityto tole r ate c admiu m. Ov e re xpre s sio nin bothco mpa托rnentsin cre a s e
the toJe ra n c eto Cadmiu m, m ay] mprov[ngthe detoxifjc ation n7eChanism ･ T he
■
re su)tsho w sthe po s sibility ofapplicatio ntowards phytorem ediation of heavy
m etals,
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6.1. P邑a m忠gr o w納
Arabidopsisthat/
'
ana(Columbia e c otype)pla nts w ereger min ated andgro w n on
ge rmin atio n m ediu m(G M)(70)aga rplates unde r1 6 h light(approxim ately2500
1ux)a nd8-h dark cycle s at 22oC. A 托er3-5 we eks,the pla nts were eitheru s ed
fo ris olatio noftotal R N Aorfo rthe experime ntofparticlegunbombardm ent.
6.2. 葺s oEatio m o官cD N A
Fo rthe is olation of Se rat3;2 CD N A from a dedu c ed ArabI
'
dopsIS genO m e
s equ enc e, spe cific Prl merS W e rede sJgn ed ba s ed o nthe deduc ed geno m e
s equ e n c es r eported in the Databa s e(Ge nBa nka cce s sio nno s･ A F 331847a nd
C A B80280). Itw a s u s ed a nis olatio n appro a ch u sing -3
'
,
-5
'
R A C E P C R by a
Sm a rtRA C E P C RD N Aa mplific ation Kit(CIo nte ch)I
Prim e rsus ed fo rthe Nested P C R:
Firstpn m ers ets:
5
'
- C T C C T C TT CT G C TT CA G G CTT A G CT T C T-3
､
a nd
5
'
- CTA C CT T G TT G G C A A CT C A G G TT AT GGA -3
'
Sec ondprlm erSets:
5
'
- C A G T C AT G C G A C A A(; T CT G AT A C A-3
'
a nd
5
'
_T G C A A C G T TAT G G T A C AT G A C A G A G T A-3
'
63
tJ JZ1
6.3b D N As ubeBo m且mg a nds equ e m c mg
The CD N A D N A in se rtof theisolated positiv ec[on e s w ere s ubcloned into T A-
clo ning vector s(Clonte ch). Sequ encing of fuIHength D N Awa s c a rried o ut o n
both stra nds. Autos eque n c mg was condu cted bythe dideoxy-chaintermination
m ethods with Therm o Sequ e n a s e(Am ersha m) using S himadz u D N A
sequ en c e r(Model D SQ1000).
6.乱 『u m c亀io m a茸c om p且emem竜a色盲o m o℡e. e oID
'
m u臨m臨
CD N Aclonl ng Of Se rat3;2 wa s c a rried o utbyafu nctionalcomple mentation ofa
cystein e- a u x otrophic E. co/I
'
J M 39/5(F
'
,
cysE51, recA 56)lacking cysE lo c u s
enc oding S ATa s e a cc o rding to the standard proto c oJ using CaCJ2(71)I T he
pn m ers fo r CD N A amp)ific atio n w ere: 5
'
-
C A G T C A G T C G A C G T C A T G G C TT GT AA A A CGG C -3
'
and 5
'
-
c A G T C A G G AT C C C Tm A AT G T C T C C TT T C C-3
･
･ Ap pro xim ately 1xl 0
6
c eJ)s
were tra nsfor m ed withpla s mid D N A is o一ated fro mRA C E P C Rtechniqu eby
he at shock m ethod. Fo rge n etic c o mplem entatio n of the cystein e requlre m e nt,
thetr an sfo r m ed E. c oIJ
'
w a s cultu red o nM 9minimalm ediu m(71)c o ntaining100
pg/mL a mpliciLin and 500pMIPT Gat 37
oC forone we ek･
To v e rifytheide ntitie softhe CD N Aclone, pS AT2c a rryLngS ATa s ege n e
of C･ v u/ga ris w as u s ed a sa positive c ontrolandpT Vl1 8Nve ctor was us ed a s
a negative c ontrol, w er etested fortheir abi[itie stogrow o nM 9minimalmedium
with orwitho utcystein e supplem entatio n.
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軌5. Ove re xpr e s s岳o m a ndpu『岳骨ic a色盲o m oず 柑 CO mb岳m a m竜e m zym e
A general method of D N AengE ne erlng Wa sfo‖ow ed accordingto Sa mbro oket
aI.(71).
■
Nc oJ Site swere cre ated on both ends ofthe SATa s e scodingreg10n by
●
P C Re ng) ne e n ng u s lngtw o Syntheticpn mer s:
Serat3;1: (5
'
- A G A G C C AT G GAT G GCGAT G A G C TT C C-3
､
and 5
､
-
C A T G C C AT G G T C AT G AT G T G CT G TT A G T G-3
､
);
Serat3;2: (5
'
- C A G T C A G G A T C C AT G G C TT GATAA AC G G C-3
'
a nd 5
'
-
C A G T C A G T C G A C TT A AT GT C T C C TTT C C CT-3
'
.
T he e ng)ne e red CD N A fragm e nt wa sin s erted into the Nco] site of
PM A L
T M
-2(Ne w Engla nd Biolabs), which c arry the la c
q
gen e･ T he cloned
S ATa s ege ne w a s o ver- e xpr e s s ed in E･ coli No v aBIue(e ndAl hsdR17s upE44
thI
'
-1 re cAlgyrA96reIAl la c)(Nov age n)･ T he ge n e undertheta cpromote ris
indu c ed byis opropylthio -β- D-gala cto sida s e(IPT G)･
Over night cu[tu re s of E･ coII
'
No vaBIue carrylngthe e xpre s sio n v e ctor
●
w erediluted 1 00fold in Rich m ediu m(10gtryptone,5g ye a stextra ct,5gNaC],
5g gluc o se)co ntaining a mpici]in(100pg/ml), a nd inc ubated at37
oC
,
u ntilthe
c ultu re re a ched A60 0- 0･5(-3 h)I Subs equently･ protein expr es sion
.
wa sinduc ed
byadditio n of lm M IPT G,folowed byfurther3 h in cubatio ntim e at 37
oC･ T he
c e‖s were ha rv ested by ce ntrifugation, re su spe nded in 25ml c olu m
l
n buffe r
co ntaining1 M Tris
- H Cl(pH 7.4), 1 1･7 g NaCl, 0･5 M ED T A, and O･7 m]P-
m erc aptoetha nol), andthen disr upted by so nic atio n(30tim es at 60 W for15
se c o nds each, on ic e). After a s e c o nd c e ntrifugatio n, the s upe rnata nt w a s
lo aded into on an amyto se resin c o山m n･ T hefu sio nprotein w a scle aved o nthe
65
co一u mn witha Facto rXa, a nd,fjn aBly,the c o mpletely pu rifiedprotein wa s eluted
withcolum nbufferc o ntaining10m M m altose.
616. As s ay oずe m zym e a c亀iv島忠y
The S A Ta s ere a ctio n mixtu re contain ed 50m M Tris/H Cl(pH 8.0),1 m M a cetyI-
CoA,10 mM レS e rin e, a nd S ATa s epurifiedprotein,in afin alv olu m e of 100pl.
T heinitiation of the re a ctio n with the additio n of レSe rfomowed a n o n e-ho ur
in c ubatio nat 30 oC. T he reaction w a s stopped with lOトLIof T C A 7.5% a nd 100
x diluted. S ATa s e a ctivity was determin ed forthe production of 0- a cetyトト
s erihe (O A S), deriv atized witho-phthaldialdehyde in the reve rse-pha s e
chro matography o n ahigh-perform an c eLiquidchro matography syste m(H PLC)
■
co)u mn,fo”owed analysts.
6.7. Subc e‖u】ar o rga m eMe且o c al義之aモio mbyG野p
To verifythe s ubc e”ula rlo calizatio n of Se rat3;1 and Serat3;2 in pla ntc elts, a
1 27 bp and a 238 bp P C Ra mplified fragm e nts ofthe 5
'
- end ofthe s etwo
isofor m s
,
respe ctiv ey, w e re obtain ed. T he pn me rsu s ed were:
Serat3;1: 5
､
- C A G T C A G T C G A C AT G A ATG GC T G A G C TTC C-3
､
; a nd,
5
､
_ C A G T C A C C AT G G CT T C T C TT AT A GC AT C C C A A-3
､
;
Ser at3;2: 5
'
- G A G T C A GT C G A C AT G G CT T G T AT AA A C G G C-3
'
a nd 5
'
-
CAGTCA C C AT G G C TT CT CT TT AT A GA AT C C C-3
'
.
T he a mplified cD N As, afte r sequ enct ng for CD N A ide ntity･ were
s ubclon ed into pla s mid CaM V35S
- SGF P(S65T)-N O S3
'
(72) drive n by
c auliflow e rm o saic virus 3 5Spro m oterasits 5
'
- e nd, GFPa sthe r eponergen e
and n opaljne syntheta sete r minatorasthetra n s criptio nter minator･ T hepla s mid
66
SGF P(S 65T), witho ut anyfusion protein w a s u s ed a s a po sitive c o ntrol for
loc alizatio n of G F P jn cyto s ol a nd pa rt[yin nuclei(49). As for Serat3;2, the
CD NA w as also cloned into 35SE2-T P- SGFP(S 65T)(50)c.arryingtransitpeptide
sequ en c e obtain ed from the ribu[o se-1,5-bisphophate c a rbo xila se s m allsubunit
polypeptide of ArabI
'
dops IS, u s eda s apositiv e c ontrol.
T he se pla s mids w e re us ed for subsequ e ntpartic)e gu nbombardm e nt.
pa畑cle gun bomba rdment w a sc a rried o ut usl ng Helios ge n e- Gun syste m
(BioRad) following the standa rd proto c o) provided by supplie r. A M L Q
I
(Micro c a rrie Loading Quantity) of O･5 mg ?fgold/target and a D L R(D N A
Loading Radio)of 2Llg Of D N A/mg goldw ere chos e nto bo mba(dthe 4 a nd 5-
w e ek- o[d Ar abI
'
dopsIS S e ed＋ings at a pre s s u re of 100p.s･i. plates were
incubated for 18 ho u rs unde rillumination c o nditons at 22
oC after
bo mbardment. Individu al le a v e s w e re viewed with a f[uo re s c e nt micro s cope
(B X50-F LA, 0-ympu s)u singthe Chroma
､
s Du al Ba nd fiLte r, F[T C & T 矧TC
(Olympus), which provide s ex citation s at475-490n m a nd 545- 6 5n m; a nd
585･6 20n m, a nda Confoc almic ro s c opy(Zeis s).
■
6.8. Northe m b且ota m a且y引 S
Total R N A fro mfour- w eek- oldros ette A. thalia nale av es w a sisolated uslng
RNe asy Plant Mini Kit(Qiagen) and treated with R Nase-Fre e DPJas e set
(Qiage n)20pg of tota[ RN Awa ss eparated underden atu ring conditons on a
1･2%(w/v)agar os e
.
gelc o ntainingform aldehyde･ andtransferredto a Hybo nd
N
･
m e mbra n e(Am er sha m)･ R N A bLots w ere probed with
3 2
p-[abened ge n e-
spe cific probes synthesized fr om each Seratge n e clones･ As alo ading c o ntroI･
blots we re r eprobed withaLabeled tubulin oligo n u cle otjdeprobe･
67
Hybridiz atio n ofthe m e mbr a n es wa scarried o utat65
oC in5xS S PE(0･9
M NaCI, 0.0 5 Msodium pho sphate(pH 7.7), and 5mM E D T A), 0･5 %S D S,
5x Denhardt
'
s s olutio n and 25トLg/mL salmo n spe rm D N A･ Me mbra n e swere
w ashed at ma xim u m stringencyin lxS S P E, 0.1 % S D S for10min･ twic e
and fin alwa shing w as c onducted at 65
oC in O･1xS S P E, 0･1 % S D S fo r1 0
min
,
a ndthen expo s edto Fuji X-rayfi一m .
6.9. 盲s o邑a 伽 m o官SA Ta s e cD N As官ro mA柑b8
'
dop$8
-
s 肋ald
'
a87a
s ATa se CD N A fragm e nts wer e obtain ed from the first
-stranded CD N Aqf A･
thaII
･
a n aby P C Ra mplific ation u slng spe cific s et ofpn mersderived fro mthe
nucle otide s equ e n c e of ea ch S ATc oding region (72)･ Pyr obe st D N A
polym erase(TaKaRa)or TaKaRa Ex Taq(TaKaRa)were u s ed fo r all P C R
e xpe rim e nts.
6.1 0. Re aH 盲m equ a m色托ative PCR
Arabidopsisthat/
'
a n a(e c otype Columbia)seeds w e re sterilized, a nd s owed on
G M m ediu m with 1 %suc ros e and 0.2 % gdrite. Tis s u es ample s w e re
ha rv e sted every w e ek for5 w e eks･ Totar R N Aw a sisolated u slng
r
l OOmg of
●
pla nt m ate rial fro m sto red a nd stratified s eeds7 C Otyledon･ Ie
af
,
ste m
･
ro ot･
siliqu e, a nd flow e rtiss u e s･ Stratified s e eds we refirstly so wed on agarp一
ate s
andin c ubatefor3 days at4
oC
,
a nd then re)eas edto 22
oC u nde r c ontin uou s
light(appro xim ately 2500 Ju x)･ 5 ng oftotal RN A w as u s ed for re aトtim e
qu antitativ e P C Ran alysIS･ Sinc ein the N
-ter min a一 regLOn distin ct S ATa se
s eque nce ca n be fo und, it w as chosen this regIO nfor ea ch S ATase
amplific ations by P C Ru sl ng tw o Synthetic pnm ers o
f e a ch is oform a nd
●
68
TaqMa n
㊥
probethatc o n sits ofan oligo n u cle otide with a 5
'
-reponerdye and a
3
'
-que n cher dye ･ Du ring the re a ction, cle avage of the probe s eparate sthe
reporte rdye andthe quenche rdye, resulting-nin c re ased f一u ore s c ence ofthe
repo rte r(P E Biosystems). T his probelocalizesbetweenthe5
'
a nd 3
､
prim ers:
姐 :
姐 :
SQL9i2L2:
Prime rs :
5
'
_T G G A C A CA G AT C A A G G C G G-3
'
5
I
_AT G A G A A A G A AT C G T C G AAT AT A G AT A G C-3
'
TaqMan
⑳
probe:
5
､
-ATGC T G A G G C G G A G C CAGC TTT A G C-3
､
.
Prim ers:
5
'
_ C A C AT G CC G A A C C G G TA ATAC-3
'
5
'
_ G G T G A AT C TT C C GG TT T A C A G A G A-3
'
TaqMa n
⑳
probe:
5
､
_T G A TT C C C G G TT CT G TT G C AT C A A G A-3
､
.
Prim ers:
5
'
_ A A T G G A A C C C AG A C A A A A C C-3
I
5
'
_ G C C CA A A C AT C AT C G ACT T C A-3
'
TaqMan
◎
probe:
5
､
_T C C ATC T C G T C CTTT G CTT G A A G ATCT C G-3
､
I
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姐 :
姐 :
Prim ers:
5
､
-A C GC T A AGG G A A C T C AT A A G T C A G A-3
､
5
､
-T C TT C T C TT AT A G C AT C C C A A AT A G G A-3
､
TaqMan
⑳
probe:
5
､
一丁T G A CT C G A AT TT G CTT G AT C CT C G TTCTG-3
､
.
Prim ers:
5
'
- C T C TT C C AAT G ATT G T C T C C C G-3
'
5
'
- C C T C T C G A AA G G A A A C T C G T C A-3
'
TaqMa n
◎
probe:
5
､
- A C TT TT C T G CC A G A G A C G A T G G A G A G A C C-3
'
.
Fo rthe amplificatio n, the TaqMa n
㊥ on e-Step RT-P C R Maste rMix Kit
(p E Bio syste m s) w a s us ed. T he re al-tim e qu a ntitativ e PC Ranalysis wa s
sta ndardized uslng equ al qu antities of R N As a mple, a nd re spe ctive 一in e ar
pla s mid D N Aofe a chs ample wa sus edtodraw a standardcu Ⅳe･
6. ” . P互a s m5d c omstru c朗o m fo r pro m ot帥 GF P tr a m sge mic
pEants
Three⊥w e ek- old A. thaII
･
ana plants were us ed tois olate ge n o mic D N Au sing
D Na sypla ntMini Kit(Qiagen). 2･5 kbpro m oterregion wa s amplified upstream
ofthe fir st AT Gof e ach S ATa se･ P hysica) m appl ng Of ea ch prom oterreg(on
wa s studied and otherprom ote rgen edidnotov erlappedwith S A Tase pro m oter
cho s e nle ngthr Firstinthe pB1101, uid Aw a s r ep一a c edbya G FPs equ e n c
efro m
70
SG F P(65T) ve cto r(51). SubsequentEy, ea ch pro moterregion wa s amp=fied
ins erting directed restrictio n site sfordire cted clonl nginto the vectorpU C1 9.
Afte r e a ch s equ e nce w a sc onfir med the ide ntity by sequ encing, it wa s
intr oduc ed into the T-DN APBIOI carryl ngthe G FP-reporte rge n e. T hey w e r e
u s ed to transfor m Agroba cten
'
um tum efacien sC 58 Cl(GV3101)･ ArabI
'
dopsis
plants weretra n sfo rm ed usingf一owerdip method(52)I
T he oligo nu cleotides us edare a sfbllow ed:
Serlatl;1:
5
'
_C A G T C A G T C G A C A C T C A AACT C A C C C G G T C T A-3
､
5
'
-C A G T C A G GA T C C ATT A A C G C G G C G AT A A G ATT-3
､
Se r at2;1:
5
'
_ CA G T C A G T C G AC A A C C T TG A C C A TT G C CT G-3
､
5
'
_ C A G T C A G G AT C C G GTT A T G AT TT G G A A G AA G-3
'
Serat2;2:
5
'
_ C A G T C ATCT A G A AA C T G A A A G G A AACAJ M T A-3
､
5
'
_ C A GTC AC C AT G G TTT TTTTT TTT C T C G G C C A A-3
､
Serat3;1
-
.
5
'
_ CA G T C A G T C G AC G ATGAT C T G G A C G T GT A C A-3
､
5
I
_ C A G T C A GT C G A C AT C T C T C C A AG G A G C G A TA-3
､
71
Serlat3;2:
5
'
- C A G T C AGT CGACAAAATC TTT G G T C TTT G C G C.3
'
5
'
- C A G T C A G G A T C C G A C C A A AA A G A G T G A A GCT -3
'
6.1 2- Scre e mB mg O官A柑bd
'
dopsD
'
s 帥am s官o r m a mts
J
Appr o xim ately300s e eds w er e sow ed o nG Mp[ates with 50mg/L kanamicin
a ndgro wnfo rthr ee w e eksin side ofgro wthchamber. Tra n sform ants(Tl)were
obtained. T he G F P fluo re s ce nc ew a sobs erv ed by microsc opyan aLysI S. Afte r
co nfirmlng the flu ore sc enc ein the resista ntpla nts, re sista nt se edlings】w ere
tra nsfe red onto n e wG Magarplate s andgrow nfo r an otherthre ewe eksbefore
theyw e r ep[a nted intoindividu a一pots, plants w e re w ate red withnutrie nts o[utio n
duringfJow enng u ntil theyfinished produ clng flo we rs. Individu alplants wer e
co vered to pre ventcro ss-fe rti‖z atio n, T2Pla nts were ha rv ested fo rfunhe rG F P
analys IS.
6.巧3一 別am七m a七e ria王,gr ow 恥 a nd he avy m eta邑S息re atm emts
Wild-type a ndtransge nictobac c o(NI
'
c otI
'
a n ataba c um)pla nts weregro wn onAl
agar m edium to ne-half-stre ngth Mu rashige and Sko og salts (Mura shig6 &
S ko og1 962),1%(w/v)su c ros e, and 0.8%(w/v)agar, pH 5･7], under16- M ght
(25pE m
-2
s
-1)and 8-h dark cycles at25 oC. T hegene ration of 3 F(e xpre s sing
spina ch C Sase in cytos oJ), 4F(in ch[or op]asts)and Fl(both in cytos o[ and
chtor opla sts)wa sde sc ribedpre vious一y(57)I
The he avy m eta[s tre atm ents we re perfor m ed by addito nto the Al
m edium of Cd, Se, Ni, P ba nd Cu to the final co n ce ntratio n s: 50
- 300pM
72
C d CI2;50- 300pM Na2SeO4;50 - 1 000pM NiCl2;50 - 1000 P b(N O3)2;and
50 - 800トIM CuCl2. F 汎een pla nts ofeach Iine oftra n sgenic and wi一d-type
toba cco w e re ha r vested a冊erthr ee⊥w e ek ofger min ation a nd individua”y us ed
fo rthe determin ation ofp)antw eight, r oot一e ngthandchlorophy”c ontent
6.1 乱Grow 納 de色e r mim a仙 m o曹pBam臨 a md chEo r opねyM c o mモe m色
Thre e- w e ek-old wild-type and tran sge nic toba c c oplants were weighted and
their ro ot le ngth wa s m e a su red. T he s a m epLants we reindividual一y
ho m oge niz ed and e xtra cted with 80% etha noI. A 触r c e ntrifugation at 3000rpm
for 5 minutes, the ch[o rophyll in the super n ata nt wa s qu a ntified
fluo rophoto m etric allyatan e xcitatio nof413n m a nd a n emis sio n of 672n m(57)･
T he abs olute value s of the re m alnlng Chlo rophy]Jc ontent weredetermin ed
■ ●
ba s edo nthe c a[ibration cu r vega uged u sl ngdiffere nt dilutio n s ofchlorophyI[ A･
6.巧5. Dete r mim a朗o m oずc admiu m co mモe m亀im pba mts
Thre e- w e ek- old Fl tran Sge nic tobac c opla nts, gr o wn o nG M agar m edium
c o ntaining 100pM and 200pM Cd Cl2, W e re divided into abovegro und
･pa托
(shoot)andro ot. Bothparts w eredriedov e rnightat 60
oC･ T he c o n c entration of
cd in shoot a nd root w a sdetermin ed a冊erwet- a shing with mix ed acid(60 %
H N O3/60 %H C104 = 4:1, v/v) by inductively c o upled argon plasm a- m ass
spe ctrom etry (LC P MS) (HP 4500; Yokogawa AnaLytic aI Syste m s Co･ ･
Mu s a shin o,Japan)a sde sc ribedprevio usly(73)I
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A B S T R A C T
Mole c ula r a nd m etabolic studie s o nthe fin al steps of cystehe
bio syntheticpathw ayin highe rplants
(高等植物における シ ス テイ ン 生合成 の最終段階に関する分子的および代謝的
研究)
1.IntrodLICtion
surfur co n stitu es o ne ofthe m a cro n utrie nts n e c e ss aryfo the plant cycLe. ln o rga nic s uLfuris
taken up a s s uLfate fro mthe s oil thro ugh the ro ot Syste m a nd fix ed into cysteine by the cystein e
bio synthetic pathw ay(Saito, 2000). T he synthe sis of cystein e repr8 Se ntSthefin alstep ofthe redu ctive
s ulfate assimilatio nPathw ay. Serjn e a cetyhra nsfera se(SA Ta se; EC 2･3･1 ･30) a nd cyst8in e syntha se
(C Sa se;E C4.2.99.8)catalyz ethe s equ e ntjalre a ctio nsle adingtO CySteineprodu ctjorl･ SATa s e 掲talyze s
the for m atio n of O･ a c etyls e rine(OAS)fro mL･ Se r a nd a cety[- CoA a nd C Sa s e catalyz e sthefor m atio n of
cysteinefrom OAS and hydroge n s ulfide(Figure1)･ T he setw o e n zym e sw erede m o n stratedtolo caLjz ein
thre e m ajor pla nt ce” compar(m ents (cyto s ol.
chLo ropla sts, a nd mito cho ndria) (Noji et al, . 1998). ln
the genom e of ArzlbidopsisthalI
'
a n athere a refiv ege n es
putatively e n coding SA Ta s eis ofo rm s. cD N As of fo ur
SA Ta s e is ofo m lSde n o min ated Se 何tl,
l
l (SA T- c),
Se13t2
,
ll(S AT･p), Ser7?t2;2(S A T･ m)a nd Selat3,
'1(SA T-
1 0 6) w ere clo n ed. Fe edba ck inhibi七o n pattern and
s ubcelluJarlo caliz atjo n of the first thJ
'
e eSA Ta se sha v e
alre adybe e nev alu ated(NojietaL, 1998)･
ln this study. SA T-106a nd the nf(hSA Tas 8
isclv r m. Serat3;2(SA T-# 5), w e re chara cteriz ed with
re spe ct to s ubc eMularLo c a[iz ation, fe edba ck inhibitio n
and enzym atic propenje s. Fu rther m ore, the te mpo ral
a nd spatia) e xpre ssion analyses ofthe fiveis ofo rm s
w erein v e stigated duringA. thalian8 PJa nt de velopm e nt
a nd u nde r so m e externalstre ss co nditio n s. ln paralleL,
tr a n sge njctoba ccopla nts o vere xpre ssing CSas8 CD N A
in cyto s ol, chlorop[a sts a nd jn both or9a n e”c s w ere
in vestigated to w a rds hea vy m etals s u ch a sC d, Se, Ni,
Pb a nd Cu. pla ntphe n otype, cMorophyLJco nte nts. plant
weighta nd ro ot一e ngth w e re a n aLyz ed to e valu ate tJl e
tolera n ceto he a vy m etaJs ofthe setranSform a nts.
s o4
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Figure1. Cystein ebio syntheticpathw ay
2. Re s uJts a nd dis c u s sio n
2･1I Mole c ula r clo m ng ofSerat3,
･2a nd c o mploto cha r a cte rizatio n of Se r aO.
ll and
Ser at3,
12 is ofo r m s
A CD NA do n ethat e n codesSerat3,
･
2 is ofo m l W a sisolatedfro m adedu ced ArabidopslSge n O m e
s equ e n ce using -3
'
,
-5
'
R A C EPCR. T he CD N Ais1313 bpLo ng witha n ope n re adingfram e(O R F)of1068
bp. a54 nt5
'
- UTR a nd a 192nt3
J
- U T R･ T he OR Fe nc ode s apoJy peptjde of 329a min o a cidsI Amin o acid
horn ol gy co mpared with the otJl erSA Ta se sis highthro ugho ut the C e ntraland C-te min alregLO n S･ T he
fu n ctio n al ide ntity of the protein e n coded by tJle isol畠ted CD NA cLo n e w a s co nfir m ed by 凡Jn Ctio n al
co mpJe m e ntatjo n of EI C OIF JM39/5Jacking e ndoge n o u sS ATa se一o cus, cysE, byba cte riaLe xpres sio n ofthe
CD N A.
Further characte riz atio n w a sperfo rm ed o n Se 伯t3,
･1 a nd Serat3,
･
2 is oform s･ Using puhfied
recom bin a ntSATa s eprDtein s.the c atalytlC a ndregulatoryprope rtie s ofthe s eis ofor m s w ereinv e sti9ated･
T he KJV,,.BX V alu e swere e valuated by O A S for m atio ndete cted byH PLC･ T he rGT-fo rSe 摺t3,
ll(L-S edn e:
121.4 m M; a cetyl-CoA: 2 4.5 m M)and Ser苛t3;2(LI S e rine:39.5 m M; a cetyl- CoA: 45･1 n M)w ere m u ch
higherc ompa red with the Km ofthe pre vio u s reported pla ntSA Ta s e s(Seratl;1(L-S erjn e:2171m M;a cetyl-
b A: 0.28 m M), S 胴 t2,･1(L- S erin e:1.64 m M; a c etyl-CoA: 0 .1 6 m M)a nd Se 伯t2,
-2(L-s erine: 1･68 rnM;
a c etyトCoA: 0.02 n M)]. T his co n clude sthat the s etw oisofor ms ha v elo w a冊1ity forbotJI S ubstrate s,
refle ctingtJ18to w a ctivityofthe setw oSA Ta s e s.
The fe ed ba ck inhibitio n analyslS Sho w ed that S 閑 t3;2 w a sinhibited by L- CyStejn e･ The
c o n c e ntratio nfor50 %inhibitio n(lC50)w a s0,8 pM. SeTd 3;1 is o†o rm sho w edto bein s ensi 伽etofe ed ba ck
inhibitio nby cystein e upto 1 0 0l▲M L
- CySt8ine, To da rq[their s ubceLlularlo c alizatJO n. S ATa $ 8-GF Pfu sio n
ge n e s w ere c o n str ucted･ 34 1W e 8k･old ArabidopsisLe a v e s w erebo mbarded･ a nd the re s u[ts sho w ed that
Serat3;2 islo c aliz ed in cyto s ola nd Seld 3;1 in chloropla sts･
8 1
2.2. Te mpo r ai a nd spa朋急白 exp柑 S S盲o m a m a&ys8 S ⑳官SATa s eis ⑳ぬrm s5m A帽bD
'
dops8S
～ J
肋a]D
'
ana
T he e xpre ssio npattern ofthe S ATa s e s ofA. tha/I
'
ana w a scharacteriz edfirst(y by Nonhern
blotting uslng tOta[ R N Ae xtra cted fro m ros ette Ie a ve sI It w a s obs erv ed stro ng signals o nSeratl,
.1,
Se rat2;1, Serat2,
'2. On the co ntrary,it w a s u ndetectable the e xpre s sio n o nSellat3,
'
1 a nd Serat3,
'2. T his
re s u[t rev e aled distn ct e xpres sio npatterns a m o ngthe SA Tas es. Since Serat3,
'1 a nd Se 招t3.
'2 sho w ed
v erylo w e xpre s sio nle v els,further e xpre s sio n studie s w a s c o ndu cted witha m ore s e n sitiv e m ethod using
the re aトtim equ a ntitativ eP CR. Toin ve stigatethe e xpre s sio npate rn ofthe S ATa s eis ofo m sduring pla nt
de v e[opm e nt, wildtype A, thaliana(ecotype Colu mbia)s e eds w ere sterilized a nd so w ed o nG Mm ediu m
with l% s ucro se a nd 0.2 %geLrite . Tiss u e s a mp[e s w ereharv ested e ve ry w eek for5 w e eks. Total R N A
w a sisolatedfro mstored a nd stratified s e eds, c otyledo n,一e af, Ste m, r o ot, silique, a nd flo w ertiss u es. 5ng
of tota[ R N Aw a s us ed fo r re aトtim equa ntitaiv eP CR a n alysIS, and the NJter min al regIO n Of a”the
S A Ta s e s CD N As equ en c e w a s cho s e nfor a mplificatio n. The re aトtim equ antitativ eP C Ra n alysIS W as
n o
.
rm aLized witha n equ alqu a ntityofs a mp[e RNA, a nd forthe calc ulatio n sthe sta ndard c urve s w eredra w n
u slnga mplified codingregio nD N A fro m e a chS ATa se･
Se 伯tl,
･1, Serat2,
･1, Serat2,
･2 sho w ed higher a mo unts of m R NA co mpared with Serat3;1 a nd
Serat3,
･2
,
agre Qing withthe Northernblotting re sult･ Ea ch isofor m show ed distinct mR N Ae xpre sio n
thro ugho utpla nt developm e nt. Seratl,
'1 a nd Serat2;1 sho w ed a nin cre a s e ofe xpre s sio n atthe vegetative
pla nt stage (up to 3- w e ek- old). Onc e e ntered the reprodu ctive stage, the expre ssio nlev els w ere
signific a ntly redu c ed･ T he incre a s e of e xpre ssio n of Serat2;2 co uld be sen in the v egetative a nd
reproductiv e stage s･Interestingly, Serat3;1a nd Se 摺t3,
･2 had lo w expre ssio nLe vels atthe vegetativ epla nt
stage a nd itw a sin crea s edsignifica ntlyafter4･ w e ek-o一d(Figu re2)I
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Figure2･ S ATa se s expre ssio npatternduringde v elopm e ntofwildtypeAtabidopsisthaII
'
a n a
The ceu type- spe cificty of e a ch S ATa se w a sstudied in tra n sge nic Arabidopsis pla nts e xpre ssing
pro m oter- G FP fu sio nge n e constru cts･ Fo r e a ch o n stru ct･ 3
･5 indepe nde nt tra n sge niclin e s w ere a n alyz ed
to co nRrmthe spe cificty ofthe e xpre s sion ･ The a n alys e s w erepedorm ed u苧ingflu o re s ce nta d co nfo c al
micro sc opies.[n Seratl;1, Serat2;1, Serat2,
･2 a nd Serat3;2the G FPe xpre sslO n W a sfound inthe va s cular
苧ySte m(Phlo e m)･ ln Serat2;2the sign aJs w e re a[s ofo u nd
in epider m alc eLIlaye
.
r sin ro ot a nd intrichom e s
JnIe a ve s. T he G F Psign a=n Seratl,
･1 m ainlyw a slo c a‖z ed in the ro otco mpa nlO n CelLs･inthe co rte x and
epidem lal ceI=ayers･Ln Seratl,
･1 a nd Serat3･
･2 appare nt the G F P do e s n othave a nysign alin tricho m e s･
The G F P fluo re sc e n ce w a s observed in epide rm alc e”s a nd c ode xin root. T he G F Psign alin Serat2,
･1w a s
obs erved in epiderm cellsinIe a v e s andinthcho m e s･In Sefat3･
･1･ m o r e a n a一yse s sho uld be perform ed but
u ntil n o wthe G FP e xpre ssio n w a s o nly visu aliz ed in ro ottips･ No sLgn al w a sdetected in the v as c ular
syste m. hl SePals,the G FPsign alw a sdete ctedin Se rat2;2, Seratl;1･ Ser!7t2;1a nd Se
rat3;1･
Expre s sio npattern ofe a ch S ATs ew a sfurther a n alyz ed duringtim e co urs e e xperim e ntof 6･127 2
4･
48a nd 96 ho urs, underpre se n c e ofstre s s co nditions ･ Af(erthre e w e eks ofpla ntgro wtho nG Magarplate s･
the pla nts w e retra n sferredtofre sh G Magar m ediu minthe pre s en ce o r abs e n ce ofc adm
iu m
,
s ulfur and
m etha chlor. T hetotal R N Aw a s a n alyzed usingthe re aL-tim equ a ntitativ eP C R･ltw a s obs erv edthatea ch
s ATa s eha sa spe ci 触patte m u nde rtho se stress co ndido ns･ ltw as notablethatu nder s u一f rdeRcie n cy･
82
Se rat3,
･2 e xpre ssio nhigh一y significantlyincre a sed after24 ho urs･ Serat3;1 expre ssio n a一s o w a s obs erv ed
u nde r s ulfrdeficie n cyafter48 ho urs a nd underC dstre s s.
■
2.3. He a vy m eta= o3e r a m c e studie s oずtr a m sge mic toba c c op且a mts o v ◎re xp柑 S Sl mg
cysteim e syntha s e
Tra n sgenictoba ccop一a nts o v ere xpre s sing C Sa s ein cyto sol(3Fp[a nts), chLoropla sts(4Fpla nts),
a nd both in cyto sola nd chloroplasts(FIP一a nts)ge n erated bycro ss ed-fe rtilizatio nfro m3Fa nd 4Fpla nts
(Noji et al. 2001),in which G SH a nd cysteine c o nte nts W ere e nhan c ed, w e r e u s ed a sinstrum ents to
inv e stigate to[era n ce effe cts to the differe nthe a vy m etalsI The tra n sge nic pla nts w ere germin ated o nAl
agarplate s co ntainingdiffe re ntc o nc entratio n s of he a vy m etals･ AAerthre e
･ w e eks, 3F, 4 Fa nd FI pla nts
Sho w edtolera n c eto C d, Se a nd Ni, while the wild-type tobac co sho w ed s eyereto xicity sympto m s･ The
wild-type pla nts be c a m e n ecroti a nd c e a sed to gr?w ･ In c o ntrast･ tr anSge m cpla nts showed atte n u ated
sympto m s a nd c o ntin u edto gro wl T he Fltra n Sge nLCPla nts u nderC dco ndito n sho w ed m ore e xpa nded
Ie a v e stha n3Fa nd 4Fplants. Thisre s ultindicatedthatFltra nSge nictoba cc o,in which C Sa s e a ctivityin
the chlo roplasts a nd cyto s olis e nha n ced, sho w ed a nimpro v ed he a vy m etaltolerance compared with3F
a nd 4F pla nts. The he a vy m etaltole ra n c e obs erved in the tra n sge nic p一a nts ov erexpre ssing CSa se
s ugge ststhat theincre a s edthiolco ntentsinthe s etra n sgenic s are m o stlyliked to bein volv ed in emcie nt
synthe sis of P Cs, whicha re re spo n sibleforthe deto xification of C d･ Sin c etheJev e[s of G S Ha nd cysteine
a rehigherin FI pla nts tha n3 Fa nd 4Fp[a nts(Noji et a/･ 2 001), the sehigherIe vels thiols w o u一d be
be n efitableto deto xific atio n of C d, Se a ndNi. Ltw a s als o e x a min edthe re spo n se of tra n sge nic pla ntsto
P ba nd Cu stre s s. T he pla nts w ere e xpo s ed to differe ntc o n centratio n sof P b(N OB)2 a nd CuCL2forthre e･
w e eks. Ho w e ve r, in co ntra st to C d, Se a nd Ni, n o $lgnjfic a nt impro v e m e nt w a s observed with the
tra n sge nicpla ntsP ba nd Cu･ AItho ugh P Cs areindu c ed byCuin vJ
'
v o, a nd are ab一eto che[ate Cuin vjtro･
their rotein Cu a nd P bto一era n ceis st‖ u n cle ar. T heSe re s ults obtaineds ugge stthatP ba nd Cu m ayhav e
differe ntdetoxific ation m echa nis m s othertha nP Cs or otherthiols.
T he a c cu m u[atio n of Cd in FltranSgenicpla nts, gro w nfo rthre e-w e eks o n agar m ediu m s upple m e nted
with100a nd 200pM C d Cl2, W a sdetermin ed byIC P M S･ In sho ot,thetota)a m o u ntof Cdpergtis su e a nd
per o n epla nt in tra n sge nic Fltoba cco w a slargertha ni
.
n wild-type plants･ ” ro ot･thetotalc o nte ntof Cd
per o n戸Pla ntin FltranSge nic pla nts w a shighertha n -n wild
-type toba cc o･ Ho w e ve r･ Cd conte ntperg
tiss u e )n ro ot w a shigherin wjld･type plants,indicatingthatin FIPla nts C d do es n ota cc u m u一ateinto ro ot
but even effe ctLytra n sported up to sho ots･ C d is po s siblytra n spo rted fro m root t shootin apote ntial
deto xific ation m e chanis m.
3. Co n clu sio n s
The differe nt e xpre s sio nIe vels a m o ng the S ATa s eisofor ms in n orm al c o ndito n a nd u nde r stre ss
c o ndito n s s ugge st that they m ayha v edistinctrole sindiffere ntcellsinthe cystein ebio synthetic pathw ay･
T he S AT isoform s areprobably s ubje cted to diqerentfe edba ck regu)atio nby cystein e a nd this can
influe n c einthe
'
LrCha ngeinthe e xpre ssio n.
Tran sge nic pla nts o v ere xpre s sing CSa se e nhanc edthe c apacitytoto一e rate he a vyto xic m etals s u ch
a scd, Se and Ni. The tra n sge nictoba c co o v er- a c c u m ulating C Sas ein both c om pa rtm e nts(cyto sola nd
ch]o ropJasts)sho w ed highe rtole ra nc etotoxic m etals a nd m ore a cc u m uLatio n of C d tha nthe pa re ntpla nts,
therefore, showingthe po ssibintyofapplic atio nto w ardsphytorem edia紬 n of hea vym etaJs･
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